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INTRODUCTION 
Com was the principal food crop of the American natives 
(Jackson, 1950) and the European colonists quickly learned to 
grow the crop. Production of corn in the United States 
reached 161 million metric tons in 1977, Because of its high 
yield and adaptability to a wide range of climatic conditions, 
corn is the preferred feed grain in much of the world. In 
addition it is gaining some favor as a food grain in the 
eastern hemisphere. 
The primitive people harvested their corn by hand, and 
hand harvesting is still the rule in areas where farms are 
small, labor is inexpensive, and few hectares are planted to 
corn. In the developed countries, the harvest of corn has 
progressed from hand picking of the ears, through machine 
picking ears for storage in cribs, to field shelling by 
picker shellers and more recently by combines. 
Field shelling of high moisture corn results in damage 
to a high percentage of the kernels, À field survey in Iowa 
indicated that in typical combine harvesting systems from 
16,4 to 79.4% of the kernels were damaged. The average damage 
found in corn samples from combines was 34.4% (Ayres et al., 
1972). 
Mechanical damage of corn has adverse economic effects on 
the farmer, processor, and eventually the consumer. The 
economic loss from damaged kernels starts in the field during 
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the harvesting operation. This loss consists of the corn 
chips and meal that pass out the rear of the combine and the 
kernel tips left in the cob. Beside these invisible losses, 
mechanical damage of corn costs American farmers about three 
cents per bushel on all the corn sold (Bailey, 1968) . The 
average amount of screening cleaned out before grain gets to 
the consumer is over 3%. These screenings are largely com­
posed of cracked corn and kernel tips that are often higher 
in protein content and lower in fiber than "whole kernels 
(Uhrig, 1968). However, lack of commercial market results in 
the sale of screenings for at least 20* per bushel less than 
whole corn. In addition, the screening cost is about 1* 
per bushel of corn. 
Corn damaged during field shelling is more susceptible to 
invasion by insects, molds and fungi, reducing its quantity, 
quality and stroability (Saul, 1967; Steele, 1967). Molds 
produce chemicals known as mycotoxins that are toxic to live­
stock. Seriously moldy corn cannot be fed or mixed with 
other grain for human or animal consumption, and its destruc­
tion is a serious loss to the owner. 
Field shelled corn molds from 2 to 5 times faster than 
hand shelled corn (U.S.D.À., 1968). The higher rate of de­
terioration of mechanically damaged corn dictates the need to 
dry field shelled corn within a few hours following harvest. 
With any method of drying, cost increases as drying time de­
creases (Saul and Steele, 1966). Cost of drying is related 
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to drying capacity. The lower the drying time available, the 
higher is the drying capacity needed. Also rapid drying of 
corn often causes stress cracks vhich lead to subsequent 
breakage of corn during handling (Foster, 1968). These 
cracked and broken kernels tend to accumulate in the center 
of storage bins, making aeration difficult and increasing the 
probability of heating and spoilage (Bailey, 1958; Dodds, 
1972). 
Cracked kernels are good carriers of dust and microbial 
contamination (Gustoff, 1971). Not only does dust represent 
direct loss of grain quality and quantity, but the resultant 
pollution is a further cost to society. Fungal spores, that 
may be released along with dust, may cause human respiratory 
allergies. 
The percentage of cracked corn and foreign material is 
one of the factors that affects the commercial market grade 
of corn. Field shelled corn exported at a certain commercial 
grade may reach its final destination at a lower grade. De­
terioration of field damaged com is often accelerated during 
shipment, and the weakened kernels are more easily broken 
during unloading and additional handling. This increase in 
cracked corn results in discount penalties and may lead to 
the loss of export markets (Bailey, 1968; Kline, 1972). 
Good quality com is essential for the processing and 
feed industries (Robert, 1972; Freeman, 1972; and Van Wormer, 
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1972). Besides the risk of aflatoxin formation, the dry and 
wet millers encounter difficulties in processing mechanically 
damaged corn. In addition, the damaged kernels have detri­
mental effects on the millers* products. Because of this, 
broken kernels are removed by screening prior to the milling 
operation. The millers suffer a loss of about 17$ on each 
bushel of screenings removed. 
Mechanical damage also decreases seed corn viability and 
results in lower yields. Germination tests and root growth 
tests by Gomez and Andrews (1971) revealed that mechanically 
injured corn seeds have drastically reduced viability and 
vigor. 
Kernel mechanical damage during shelling can be reduced 
by either improving the threshability of the ears or by 
building machinery that handles the ears and kernels in a 
more gentle manner and hence causes less damage. The author 
believes that one feasible way to handle the ears gently and 
control them effectively is by threshing them one by one in 
line instead of in random groups as is now being done in the 
conventional shelling machines. Also the kernels of each ear 
should be shelled individually so that only very small forces 
are needed to remove the kernels. 
During shelling at 32% moisture content by conventional 
methods, kernel tip losses amount to about 0.3% of the sample 
weight (Hall, 1968). Designing a machine that saves these 
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tips would increase the net yield by that amount. In 
addition, the nutritional value would be increased since 
the tips are high in protein. 
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OBJECTIVES 
Direct harvest of shelled corn with combines has been 
accompanied by severe kernel damage caused by the impact 
shelling action of the combine cylinder. The economic im­
portance of reducing shelling damage has led to the selec­
tion of this research topic. The objectives of this re­
search were: 
1. To analyze the corn shelling theories proposed by 
different research workers, 
2. To analyze the shelling action of various shelling 
devices. 
3. To design and test new shelling devices that result 
in less damage being inflicted during the shelling 
process. 
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REVIEW OF LITERATURE 
For this dissertation the literature related to the 
following topics has been reviewed. 
1. Conventional corn shelling machines 
2. Nonconventional corn shelling machines 
3. Selected corn shelling machines covered by U.S. 
patents 
4. Com shelling theories 
Conventional Corn Shelling Machines 
The two types of shelling mechanisms commonly used for 
field shelling of corn are the axial flow cage sheller and 
the cylinder-concave sheller. Both sheller s have a rela­
tively high capacity and the capability of shelling snapped 
(unhuslced) ear corn. The popularity of the cylinder sheller 
has increased with the practice of field shelling high mois­
ture corn. 
The cage sheller (Figure 1) consists of a cylinder with 
lugs, helical flutes, or paddles which turns inside a cage. 
The cage has a perforated surface with holes large enough to 
let kernels fall through but retain the cobs. The ears are 
fed into an opening at one end of the cage. The helical 
flutes feed the ears through the cage and at the same time 
shell them by a rolling and crushing action against the cage 
surface and each other. An adjustable cob gate serves to 
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Figure 2. The rasp bar cylinder-concave sheller 
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retain the ears in the cage long enough to be completely 
shelled. 
The cages are usually from 27.9 to 38.1 cm (11 to 15 
inches) in diameter and the cylinders have rotational speeds 
of 650 to 790 rpm. The capacity of these shellers is in the 
order of 4 to 5 metric tons per hour (150 to 200 bushels per 
hour). This shelling unit is generally used as a shelling 
attachment mounted on a two-row corn picker in place of the 
husking bed, although self-propelled corn harvesters using 
this type of sheller are available. 
Ability to shell high-moisture corn is important when 
field shelling. Tests conducted by Burrough and Harbage 
(1953) showed cage sheller losses of 5 to 10% when kernel 
moisture was 29.6% and cob moisture was 56.5%, wet base. Part 
of the loss was due to unshelled corn remaining on crushed 
cob sections, and part to difficulty in separating the damp 
kernels from the cobs. The percentage of kernels left on the 
cobs and the percentage of kernels damaged by shelling were 
almost directly proportional to the moisture content of the 
kernels. 
The second basic shelling mechanism, commonly used in 
combines, consists of a cylinder and a concave (Figure 2). 
The corn is shelled by the impact of bars on the periphery 
of the cylinder as the corn is fed between the cylinder and 
the concave bars. The most common type of cylinder bar used 
is the rasp-bar. These bars were shovn to cause less damage 
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than an angle-bar type cylinder (Pickard, 1955). These 
cylinders are commonly 55.9 cm (22 inches) in diameter and 
range from 61 to 152 cm (24 to 60 inches) in length, depending 
on the size of the combine. For corn shelling, they turn at 
speeds of 400 to 700 rpm. 
The concave assembly nearly conforms to the periphery of 
the cylinder. It forces the corn to be in contact with the 
cylinder through about 90 degrees of cylinder rotation. The 
concave bars are channel, rectangular, or half round in shape 
and are oriented parallel to the cylinder axis. The severity 
of the shelling action is controlled by the cylinder speed and 
the cylinder to concave clearance. Clearance at the front of 
the concave is approximately 3 cm. This allows ears to easily 
enter the threshing crescent between the cylinder and concave 
assembly. The cylinder-ccncave clearance tapers to the rear 
and is about 1.5 cm at the rear of the concave. The severity 
of the shelling action determines the amount of unshelled 
corn remaining on the cob and the level of kernel damage. 
Cylinder adjustments are a compromise between high speeds for 
kernel removal and low speeds for reduced kernel damage. Re­
ducing the concave clearance also increases the thoroughness 
of shelling and the level of kernel damage. 
Kernel moisture content is another factor that has a 
great influence on kernel damage (Hopkins and Pickard, 1953; 
Barkstrom, 1955; Goss et al., 1955; Pickard, 1955; Fox, 1959; 
Brass, 1970; Hall and Johnson, 1970; Mahmoud, 1972). These 
11 
researchers reported that mechanical kernel damage increased 
rapidly with increasing moisture content over approximately 
20%, However, corn shelled at moisture contents considerably 
below 2056 moisture also suffered high levels of damage. Mini­
mum kernel damage was generally found to occur at kernel mois­
ture contents of 18 to 22%. 
In a field survey conducted on 84 corn combines in north-
central Iowa (Ayres et al., 1972), the total kernel damage 
averaged 34.4% and ranged from 16.4 to 79.4% (as determined 
by visual inspection). Corn harvested in this survey ranged 
from 12 to 23.9% moisture content. Combine performance, based 
on low field losses and total damage, was reported to be best 
for corn between 18 and 22% moisture. 
A series of tests was conducted by Morrison (1955) on 
kernel damage comparisons between the combine cylinder and 
the cage-type sheller. For kernel moisture contents below 
15%, the combine cylinder resulted in greater kernel damage 
than the cage-type sheller. For this reason the cage-type 
sheller is used for shelling seed corn after the corn has 
been dried on the ear. In the moisture range of 15 to 20%, 
there was no appreciable difference in kernel damage with the 
two machines. Above approximately 20% kernel moisture, the 
combine cylinder resulted in much less kernel damage than the 
cage-type sheller. 
Two new combines have been developed recently by two 
large manufacturers of farm equipment (Skromme, 1977; DePauw 
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et al., 1977). These combines utilize twin or single longi­
tudinal rotors to replace the conventional cylinder and straw 
walkers for threshing and separating the grain from the other 
plant parts. 
The twin rotor thresher shown in Figure 3 is used in 
axial flow combines for threshing and separating grain, in­
cluding corn. This thresher consists of two 43.2 cm (17 
inches) diameter rotors operating inside dual threshing and 
separating grates. These two rotors, which are 223.5 cm (88 
inches) long, are positioned side by side axially along the 
combine. Spinning in opposite directions, the rotors move 
the crop in a helical motion against threshing grates enclos­
ing the rotors. The speed of the rotors is adjustable from 
5 80 to 1325 rpm depending on the requirement of the crop be­
ing harvested. The crop is threshed by a flailing (impact) 
action and separated from the straw by the centrifugal force 
exerted by the spinning rotors. This new threshing machine is 
claimed to have smooth performance, and to produce less grain 
damage, but Skromme gave no specific details about the amount 
of damage and how it was affected by moisture content when 
shelling corn, which is the interest of this study. 
A single thresher rotor (Figure 4) was also used for 
shelling corn in axial flow combines (DePauw et al, 1977). 
The threshing rotor, which is 76.2 cm) 30 inches) in diameter 
and 273.4 cm (108 inches) long, is a one-piece cylindrical 
structure with impellers at the front and rasp bars around the 
Figure 3. Axial flow twin rotor sheller 
Figure 4. Axial flow single rotor sheller 
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forward part of its circumference. The rasp bar section of 
the axial rotor is immediately behind the impeller blades and 
has helically and axially mounted rasp-bar sections. The 
helically mounted rasp bars continue the helical crop flow 
pattern started by the impeller blades. The crop material 
flows around the rotor housing several times before reaching 
the separator section of the housing. Rotor speed can be 
varied from 280 to 1250 rpm to meet threshing requirements for 
numerous crops. The rotor cage consists of a funnel-shaped 
front opening with spiral vanes to control the crop flow to 
the impellers. Additional vanes along the side of the thresh­
ing chamber control the movement of the material through the 
machine. The bottom of the cage is made up of a set of three 
adjustable bar and wire concaves toward the front and a set 
of three stationary separating grates to the rear. The grain 
is threshed by a combination of impact, rubbing and centrifu­
gal action as the crop passes repeatedly across the concaves 
and grates. The axial flow single rotor thresher was claimed 
to have less grain damage compared with the conventional com­
bine cylinder. For corn specifically, the kernel crackage 
was stated to be two-thirds as much as that of the conven­
tional combine cylinder. No information was reported con­
cerning the effect of moisture content on the level of grain 
d amage. 
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Nonconventional Corn Shelling Machines 
Corn shelled by the conventional combine cylinder suf­
fers a high level of kernel damage. Several com shelling 
machines have been developed by different research workers 
in an attempt to shell corn with a relatively low damage com­
pared to that caused by the high impact action of the combine 
cylinder. Although the new experimental machines succeeded 
in reducing the level of kernel damage, they lacked other 
functional requirements such as high shelling efficiency, 
high capacity, and durability. 
An experimental sheller that handles corn gently during 
the shelling process was designed by USDÀ agricultural en­
gineers (1967), This shelling device (Figure 5) consisted of 
two endless rubber belts rotating in opposite directions at 
different speeds. The ears of corn were rolled through the 
unit and were shelled with an intensifying squeezing action 
provided by an adjustable pneumatic spring located at the dis­
charge end. In laboratory tests with this device, corn at 
15% moisture content was shelled with no apparent damage to 
the kernels. However, the low durability of the belts, low 
capacity of the sheller, and the decrease in shelling effi­
ciency at high moisture are major problems of this shelling 
system. 
The principle of rolling and squeezing was used in 
another experimental sheller designed by Fox (1969). This 
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machine consisted of two smooth-surfaced tires mounted with 
their axes parallel as shown in Figure 6. The two rollers 
rotate in the same direction but at different speeds. A 
feeder plate shaped to the contour of the tire was used to 
orient and feed the ears between the rollers. The hypothesis 
was that the combination of compression, low impact and 
centrifugal force induced by the sheller reduced the strength 
of the kernel attachment to the cob. The wedging action of 
the kernels and the centrifugal force cause failure of the 
weakened attachment and the kernels are shelled as the ear is 
rotated between the rollers. Fox ran comparative damage 
studies using the rubber roller sheller and a combine 
cylinder. Kernel damage of corn shelled by the rubber roller 
sheller ranged from 6% damage at 22% moisture content to 9% 
damage at 30% moisture content, while corn shelled in the 
combine cylinder ranged from 15% to 30% damage for 22% and 
30% moisture content, respectively. However, the rubber roller 
sheller was reported to have feeding problems, and its shell­
ing of unhusked ears was unsatisfactory. Fox did not report 
the shelling capacity of the rubber roller sheller and how it 
compared to the capacity of a conventional combine cylinder. 
Another roller sheller was designed and tested in the 
laboratory by Brass (1970). This sheller used a combination 
of compression and ear rotation for corn shelling. The basic 
components of the machine (Figure 7) are a smooth tread pneu­
matic roller in combination with a concave and a second 
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Figure 5, The USDA sheller uses two endless rubber belts 
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Figure 6, The compression-type sheller designed by Fox uses 
two pneumatic tires operating at differential 
speeds 
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Figure 7. The functional components of the roller sheller 
designed by Brass (1970) 
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pneumatic orientation roller. Both the primary and orienta­
tion rollers rotate in the same direction. The opposing 
surface motion of the two rollers causes the ear of Corn to 
attain an orientation parallel to the roller axis while 
simultaneously subjecting each ear to several cycles of com­
pression loading. After passing the orientation roller the 
ear moves onto the concave, continuing the rolling motion 
that it has attained. Shelling is induced in the concave 
area by the combination of rolling action and cyclic com­
pressive loading imparted to the rows of kernels as the ear 
passes over the concave bars. Both a round steel bar concave 
and a rubber bar concave were tested in the new machine. 
In damage comparison tests against a conventional com­
bine cylinder, the rubber roller sheller inflicted a lower 
level of total damage upon the grain at all moisture con­
tents than did the combine cylinder, although the difference 
was less at the highest grain moisture content tested. Mini­
mum kernel damage of 18% occurred at approximately 19% kernel 
moisture, compared to 33% damage for the combine cylinder at 
the same moisture content. The rubber covered concave bars 
reduced damage more than the steel bars at the lower moisture 
contents tested, but caused a greater amount of damage than 
the steel bars at the highest moisture content. Besides ex­
cessive wear, the rubber roller sheller also had feeding 
problems and low shelling efficiency at high moisture contents. 
Jaafari and Buchele (1976) tested modified versions of 
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the two roller shellers designed by Fox and Brass. Their 
objectives were to eliminate the feeding problems and improve 
the shelling performance of the rubber roller shellers. The 
modified shellers are illustrated in Figures 8 and 9, Corn 
shelled by the modified single and double roller shellers was 
also reported to have a lower damage level compared to corn 
shelled in a conventional combine cylinder. 
Peprah (1972) hypothesized that spring-mounting the rasp 
bars of conventional rasp-bar cylinders would reduce damage to 
kernels during shelling. Laboratory tests were performed in 
which corn was shelled with a modified combine cylinder with 
spring mounted rasp bars (Figure 10). Shelling efficiency and 
percent kernel damage for various spring constants were de­
termined. The test results revealed that the spring-mounted 
rasp-bar sheller had objectionably low shelling efficiency at 
low speeds. However, shelling efficiency increased with in­
creasing speed, especially when softer springs were used. 
Comparative damage studies showed that the spring-mounted 
rasp-bar sheller had a slightly lower percent damage than the 
conventional combine cylinder. The percent damage decreased 
with a decrease in the spring constant and increased with 
speed. 
Mahmoud (1972) studied the damage distribution along the 
shelling crescent of a rasp-bar combine cylinder. In labora­
tory tests, he found that the damage increased as the grain 
traveled down the concave. The increase in damage along the 
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concave was believed to be caused by the repetitive impacts on 
the ear and shelled kernels by the cylinder rasp-bar. Since 
shelling becomes easier after some kernels have been detached, 
he suggested that the shelling mechanism could be modified to 
eliminate the unnecessary impacts on the ear. A dual sheller 
was proposed by Mahmoud as illustrated in Figure 11. This 
sheller consisted of a conventional combine cylinder, a shell­
ing grate and a belt sheller. The cylinder provides the high 
impact forces necessary to initiate the shelling, and the 
rubbing action of the belt completes the shelling of the 
partially shelled ears. The proposed sheller combines the 
desired impact forces of the cylinder to initiate shelling and 
the proven damage reduction achieved by the belt sheller. 
However, Mahmoud did not build a model to verify his 
hypothesis. 
Selected Corn Shelling Machines Covered by U.S. Patents 
Wicks (1858) patented a mechanism in which he employed 
two spirally toothed cylinders, in conjunction with a toothed 
wheel for shelling corn as shown in Figure 12. The two cylin­
ders revolve and feed the ears of corn downwards while they 
are being shelled by the shelling wheel, 
Amother corn sheller was invented by Parmele (1861). His 
sheller (Figure 13) consisted of two ribbed cylinders placed 
one over the other in the same axial plane, and a vertical 
corrugated concave plate (C in Figure 13). The lower cylinder 
cylinder 
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Figure 11. Schematic diagram of the dual sheller (Mahmoud, 1972) 
Figure 12, Sectional view of the 
shelling mechanism patented 
by Wicks (1858) 
Figure 13, Sectional view of the shell­
ing mechanism patented by 
Parmele (1861) 
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was rotated four times faster than the upper cylinder. The 
upper ribbed cylinder rotates the ear with a moderate move­
ment, while the lower ribbed cylinder effectively shells the 
corn from the cob by its comparatively rapid movement. The 
shelled corn passes through the screen F and the cob is con­
veyed around and forced out through the flap I. 
À corn shelling mechanism (Figure 14) which consisted of 
two cylinders rotating in the same direction but at different 
speeds was invented by Cornell (1869). The two cylinders were 
located vertically parallel to and adjacent to each other. 
One cylinder, E, is corrugated its entire length while the 
other cylinder, D, is covered with spiral hooked teeth. A 
spring holds the ears of corn against both cylinders. The 
one turning slower allows the ears to turn, while the faster 
cylinder strips off the corn, and also draws the ears down 
through the machine with its spiral teeth. 
Sailer (1911) patented a corn sheller (Figure 15) which 
consists of two horizontal parallel cylinders, one of which 
is provided with thread-like teeth. The other is provided 
with longitudinal spirally disposed rib-like teeth. Acting 
with these cylinders is a toothed plate which is yieldingly 
supported in an inclined position above the cylinders. As the 
ear is fed between the cylinders, it is rotated as well as 
being carried forward. The teeth on the cylinders and on the 
plate spread and loosen the kernels from the cobs. 
A corn sheller particularly intended to be used for 
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(a) (b) 
Figure 14. Sectional view of the shelling machine invented 
by Cornell (1869); (a) vertical section, (b) 
(b) transverse section 
/Û // 
Figure 15, Sectional view of the shelling machine patented 
by Sailer (1911) 
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shelling seed corn was made by Borchers (1943). The shelling 
device (Figure 16) consisted of a conical member rotating in­
side a hollow cone. The rotating cone has a plurality of 
nonmetallic pliable projections on its outer face, and the 
hollow cone has similar projections on its inner surface. 
These flexible projections elastically engage the kernels of 
corn while on the cob and rub them off the cob without sub­
stantial damage to the kernels. The inner cone is adjustable 
endwise to accommodate variable sized ears of corn. 
Young (1974) patented a corn sheller (Figure 17) which 
consists of a cone-shaped drum rotating inside a truncated 
cone-shaped housing. Both the rotating drum and the station­
ary housing have resilient threads protruding spirally around 
their surfaces. The ears are fed to the open upper end of the 
housing and as they pass between the inside surface of the 
housing and the exterior surface of the rotating drum, the 
resilient threads apply a compressive force to the ears which 
dislodge the kernels from the cobs. The kernels pass through 
perforated portions of the housing while the cobs are dis­
charged from the lower end of the housing. 
Corn Shelling Theories 
Several theories have been developed for the purpose of 
explaining the shelling process. In formulating a theory de­
scriptive of the actual shelling process, a dynamic analysis 
of the problem should be implied. However, because of the 
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Figure 16. Sectional view of the conical shelling device 
patented by Borcher (1943) 
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Figure 17, Sectional view of the shelling machine invented 
by Young (1974) 
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complicated structure of the ear and the heterogeneous nature 
of the material, most researchers have resorted to a quasi-
static approach using an idealized model. Some experimental 
work has also been done in an attempt to extend these theories 
into the dynamic range by using simple impact loading tests. 
Waelti (1967) presented a theoretical analysis of the 
process of corn shelling in the conventional combine cylinder. 
He analyzed the forces applied to the kernels on the ear as 
they are struck by the rasp-bar. 
The rasp-bar applies a force P (Figure 18) as it strikes 
the ear. This force tends to push the kernels toward the 
center of the cob and at the same time rotate the ear in the 
clockwise direction, moving it laterally to the right. The 
moment la and the force Ma opposes rotational and lateral 
accelerations, respectively. The concave reaction is 
believed to be somewhat smaller than P because part of P is 
used for accelerating the ear. Therefore, it can be assumed 
that shelling occurs first in the top section of the ear with 
larger forces on the kernels. Referring to Figure 19a the 
force P which acts on kernel 1 at an angle y with the longi­
tudinal axis of the kernels pushes kernel 1 toward the center 
of the cob. The rachilla and glume resist this movement with 
the force D^. Kernel 2 and kernel 16 (Figure 18) react with 
forces R2 2 ^16 1» respectively. Summation of forces in 
the X and y direction and solving for R2 ^  R^g ^ yields 
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Cylinder (X> 
ear Raspbar 
Concave 
Figure 18. Schematic diagram for the cross section of a corn 
ear, cylinder and concave showing the forces on 
the ear at the beginning of the shelling (Waelti, 
1967) 
ex 
Figure 19. Schematic diagram of forces on kernel 1 (a) and on kernel 2 (b) 
(Waelti, 1967) 
36 
P cos Y ^c P sin y . . 
^2,1 ~ 2 sin (a+3) ~ 2 sin (a+g) 2 cos (a+g) 
- — • . 
16,1 2 sin (a+g) 2 sin (a+g) 2 cos (a+g) 
P cos Y c P sin Y ^2) 
where a = angle between kernel axis and kernel sides 
g = friction angle between kernels. 
Since R2 2 is greater than ^ by the magnitude of 
(P sin Y ) the reaction -, on kernel 2 was investigated, 
cosia+p; 
Figure 19b shows the forces acting on kernel 2. The direc­
tion of R, depends on the friction angle, g. When g is 
X J z 
smaller than a, it is possible for kernel 2 to be pushed out 
by wedging action. For most cases g is significantly larger 
than the angle a and in this case the direction of R^ 2 is 
such that two or three kernels are removed as one block. 
Summing forces in the y direction for R^ g yields 
dt ^ 
^1,2 " 2 sin (a-g) = "^2,1 
Substituting for R2 ^  i^ equation 1 and solving for P yields 
p _ / £2 + ^ )/( Q2SLJ. + sin_Y s 
sin (a+g) sin (a-g)''^sin (a+g) cos (a+g)' 
Similarly, the forces causing the removal of two kernels 
and three kernels as one block are shown in Figures 20a and 
20b, respectively, and the corresponding equations are found 
to be 
y 
Figure 20. Schematic diagram of forces for the removal of 2 kernels (a) and 
3 kernels (b) simultaneously (Waelti, 1967) 
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_ 2 cos Y Dç cos Y sin y v 
sin (2a-g) sin (a+3) sin (a+g) cos (a+H) 
and 
p _ D-t + cos 2a ^ cos y sin y 
sin (3a,-B) sin (a+3) sin (a+g) cos (a+g)' 
Two additional shelling theories have been proposed by 
Halyk et al. (1969) and Johnson et al, (1969). Their respec­
tive theories are derived from consideration of Figures 21 and 
22. In the Halyk et al. theory the kernels and the cob are 
assumed to be composed of a rigid material, such that their 
deformation was insignificant when compared to the deforma­
tion of the kernel attachment or pedicel. As the load P is 
applied, the first segment of kernel depression takes up the 
clearance space between the rows of kernels around the circum­
ference of the ear. Additional loading and kernel depression 
cause tensile and bending forces on the pedicels of adjacent 
kernels due to the wedging action of the kernels in the avail­
able circumferential space. Shelling occurs by failure of 
the pedicel of a kernel adjacent to the depressed kernel be­
cause this element is subjected to the greatest strain. 
In order to assess the validity of the theory, Halyk 
et al. (1969) conducted quasi-static and low velocity impact 
shelling experiments in the laboratory. They observed that 
shelling occurred in the row adjacent to the loaded kernel as 
predicted by the theory. However, the theory was found to 
apply only to corn kernels having an average moisture content 
below 15.3% wet basis. 
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KERNEL WITH DEFORMED 
ATTACHMENT 
APPLIED LOAD 
Figure 21. Displacement of the loaded kernels may cause 
wedging of the kernel rows and tension on ad­
jacent attachements (Halyk et al., 1969) 
KERNEL ATTACHMENTS MUST BEND 
WITH CYLINDER DEFORMATION 
APPLIED LOAD 
Figure 22. The bending of kernel attachments resulting from 
cob deformation is the basis for a shelling theory 
by Johnson et al. (1969) 
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In the theory proposed by Johnson et al. (1969) the 
kernels were considered to be rigid wedges, but the cob was 
assiomed to be a hollow elastic cylinder. Radial compressive 
loading, both with and without rows of kernels removed, as 
well as axial loading were considered. The hypothesis was 
that if the cob is deformed enough, load transmission between 
kernels will cause sufficient stress on kernel attachments to 
induce shelling. Laboratory ear failure and deformation tests 
verified that shelling is caused primarily by bending kernel-
cob attachments. This bending is induced by moments set up 
by the kernel side contact forces as cob or kernel attach­
ment deformation wedges the kernels together. The system of 
forces applicable to a typical kernel when such cob deforma­
tion occurs is shown in Figure 23, where 
i = kernel number 
= normal force 
f^ = friction force 
T^ = radial force along attachment 
t^ = tangentional force at the attachment 
Mj, = restraining moment at the attachment 
The kernel is detached if the tensile stress, shear 
stress, or their combination, on its attachment exceeds the 
strength of the atachment. The tensile stress may be esti­
mated as: 
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i+1 
Figure 23. System of forces acting on a typical kernel, 
induced by cob deformation 
where 
A = cross sectional area of the tip attachment 
Z = section modulus of the tip attachment 
Fox (1959) hypothesized that the force required for 
kernel detachment could be reduced by compressing the ears of 
corn. Confirming his hypothesis, kernel detachment tests 
revealed that compression of the ear lessened the radial and 
tangential force required to remove the kernel from the cob. 
These forces continued to decline as the number of compression 
cycles increased. In ears having a grain moisture content of 
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2 8%, five compression cycles were sufficient to reduce the 
radial detachment force by 50% as illustrated in Figure 24. 
200i 
1500 
di 
M 1000 
ITJ 
-h 
•o 
m 
« 
500 
2 1 3 4 5 
Compression cycles 
Figure 24. Relationship between radial detachment force and 
number of compression cycles at 28% moisture 
content (Fox, 1969) 
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DESIGN OF INCLINED ROLLER CORN SHELLER 
Removing the kernels of an ear of corn from the cob re­
quires the application of force. The magnitude of the force 
need not be known, but must be sufficient to accomplish the 
removal operation. The force required is dependent on the 
methods of application and often must be limited because of 
the likelihood of damaging the corn (Garrett, 1972). Corn 
kernels are detached from the cob when the forces applied to 
the kernels overcome the strength of the kernel attachment. 
The detachment force required to break the rachilla and to 
overcome the glume-kernel friction can be expressed as 
follows: 
fd = kactg + fg 
where 
F^ = detachment force 
K = constant, related to the method of force application 
A = cross-sectional area of rachilla 
= failure stress in rachilla 
Fg = friction force between glumes and kernel 
The value of the constant K depends on the direction of 
the detachment force (Waelti, 1957), Any force (F^) applied 
to the kernel (Figure 25) can be resolved into three compo­
nents: axial direction of the kernel (F^), axial direction of 
the cob (F^), and tangential direction of the cob cross 
section (F^). 
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Kernel 
Glume 
Rachilla 
Rachis 
Pith 
Figure 25, Detachment force analysis 
Johnson and Lamp (1966) reported on the experimental mea­
surement of detachment force by Hall (1961), The smallest de­
tachment forces occurred when pulling the kernels in the tan­
gential direction (F^) and in the axial direction of the cob 
(Fj^). In these cases the glumes were spread apart and the 
rachilla failed in bending. The largest detachment force was 
in the axial direction of the kernel (-F^^, where the rachilla 
failed in tension. The actual values of the forces were re­
ported in grams and this data is shown in Table 1. 
Results from similar tests conducted by Fox (1969) con­
firmed that the forces required for kernel detachment are 
much smaller when the forces are applied in the tangential 
direction (F^) than when applied radially (-F^). This result 
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Table 1. Forces required to remove individual kernels 
(Johnson and Lamp, 1966) 
Moisture 
content 
% 
Tensile 
force (-F^) 
(grams) 
Bending 
force (F^) 
(grams) 
Bending 
force (F^) 
(grams) 
10.0 2555 238 229 
21.7 1917 328 429 
21.5 1682 302 232 
27.1 2374 380 426 
27.2 2279 326 442 
30.7 2292 332 389 
is shown graphically in Figure 26. 
Observations made by the author when shelling corn by 
hand revealed that shelling the kernels one after the other, 
starting from one of the ear and progressing spirally toward 
the other end gave the easiest shelling, i.e., very small 
forces were needed. 
Based on the detachment force literature review and the 
hand shelling observations, a method was developed, and a 
machine was designed and constructed for shelling corn using 
small tangential forces to shell the kernels from the cob, 
starting from one end and progressing spirally to the other 
end. Because only small forces are required, the new shell­
ing machine should greatly reduce the kernel damage caused 
by the high impact shelling action of the conventional 
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Figure 26. Effect of moisture content on radial and 
tangential detachment force (Fox, 1969) 
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shelling machines. 
Principle of Operation 
The inclined roller sheller consists of three lugged 
rollers rotating in the same direction but at different 
speeds. The sheller is shown schematically in Figure 27. 
The shelling rollers are inclined at an angle with the 
vertical to insure that the ear will contact each roller at 
one point. The ears of corn are fed axially between the 
rollers through a guide shown in Figure 27b. As the lower 
end of the first ear contacts the rollers, it begins to spin. 
At the same time a rubbing action is induced due to the dif­
ferential speed of the rollers. 
The small rubbing forces imparted by the rollers to the 
ear bend the rachilla and shell the kernels from the cob. 
The shelling starts at the lower end and progresses spirally 
upward as the ear spins and is fed downward by its own weight 
and the other ears placed in line above it. The inclination 
of the rollers provides the ability to shell different sizes 
of ears without the necessity of readjusting the machine. The 
cob clearance is fixed at 3.3 cm, which is sufficient to 
permit the maximum expected cob diameter to go through. 
Description of the Design 
The machine was designed and constructed for laboratory 
testing purposes only. No provisions were made for separating 
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C-
High speed 
(a) 
& 
Figure 27. Schematic diagram of the inclined roller opera­
tion principle* (a) top sectional view, (b) side 
view 
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the kernels from the cobs, or for adapting the machine for 
field shelling. During construction, welding of parts was 
avoided as much as possible to provide accessibility for 
adjustment and the ability to make design changes throughout 
the machine development. 
The frame of the machine (Figure 28) was constructed 
from three 30 x 2.5 x 0.64 cm steel bars which form the legs 
of the machine. The three legs were held in place vertically 
by six 40 X 3.2 x 0.32 cm transverse braces. The basic 
structure of the rollers was formed from steel pipe 9 cm 
diameter and 10 cm long. The periphery of each pipe was 
covered by a piece of gear belt to form a lugged surface. 
Epoxy cement was used to secure the gear belt to the pipe 
surface. Each roller was mounted on a shaft held by two 
jornal bearings attached to a C shaped steel frame as 
shown in Figure 29. The frame had two grooves to provide for 
changing the inclination angle of the rollers and for adjust­
ing the cob clearance. The rollers with their frames were 
mounted on the legs of the machine using bolts and nuts as 
shown in Figure 30. 
The ears of corn are guided axially and fed in line to 
the shelling rollers by a 7 cm diameter steel pipe. This 
pipe was large enough to let the largest expected ear 
diameter pass through freely. The guide was held vertically 
above the rollers as shown in Figure 31 by a structure 
fastened to the frame of the machine. At the lower end of 
Figure 28, The frame of the machine constructed from 
three legs and six transverse supports 
Figure 29. C shaped steel frame holding one of the lugged 
shelling rollers 
Figure 30. The three lugged shelling rollers mounted on 
the machine frame; one of the horizontal sup­
ports is removed to provide a better view 
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the guide a safety guard was mounted to fill the space be­
tween the upper ends of the shelling rollers so that ears 
would not accidentally jump out of the machine during the 
shelling process. 
Three variable speed electric drills were used as power 
sources to drive the shelling rollers individually. Differ­
ent speeds can be obtained by varying the trigger setting of 
each drill. A set screw mechanism was mounted on the trig­
ger of each drill to control the speed of the shelling 
rollers. The drills were held in position by clamps attached 
to each roller frame as shown in Figure 32. 
To prepare the machine for shelling trials, a metal tray 
was placed underneath the machine to collect the shelled corn 
together with the cobs. Plexiglas shields were attached to 
the sides of the machine frame to eliminate the scatter of 
loose kernels and to allow visual observation of the machine 
during its operation. 
Test Procedure 
Preliminary tests conducted on the inclined roller 
sheller indicated that dry ear corn can be shelled very 
easily at all speeds of the shelling rollers. Wet corn 
(more than 20% moisture content wet basis) was more difficult 
to shell, especially at low speeds (less than 700 rpm). At 
higher speeds the machine was capable of shelling wet corn, 
but the process of shelling was slower than for dry corn. 
Figure 31. The feeding guide in position vertically above 
the shelling roller 
Figure 32. View of the complete inclined roller sheller 
with the electric drills in place; the collec­
tion tray and plexiglas shields are removed 
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Smooth and efficient shelling performance was obtained at a 
speed difference of 100 rpm between each shelling roller. 
At these speed differences the most efficient shelling was 
accomplished with the rollers inclined at an angle of 20° 
with the vertical. Placing one or two ears above the ear 
being shelled helped accelerate the shelling process by in­
creasing the feeding force. Also, more efficient shelling 
was achieved due to the increase in the resistance of the ear 
to rotation. Ear rotational velocity increased due to the 
rubbing forces of the shelling rollers. 
The sheller was operated at four rotational speeds 
(1200, 1100, 1000, 900 rpm) of the high speed roller. For 
each of the speed settings listed above the medium and low 
speed rollers were set at a speed slower than that of the high 
speed roller by 100 and 200 rpm, respectively. Corn at four 
moisture contents (25, 20, 18, 15%) was used during the 
tests. The sheller was tested at two angles of roller in­
clination (20°, 15°). Setting the shelling rollers at in­
clination angles of 25° and 10° gave very poor performance. 
No consistent data could be recorded from these tests. 
Three replications of each treatment resulted in 
4x4x2x3= 95 samples. Each run consisted of shelling 
one ear of corn. Two other ears were placed above the ear 
being shelled to provide adequate downward force. 
The kernels of each ear shelled were collected and 
weighed before and after drying, and a 50 g subsample was 
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divided for damage evaluation. During the process of 
shelling each ear the net input electrical shelling power vs 
time was recorded by an X-Y plotter. 
Corn Moisture Preparation 
Since thé tests were conducted in winter (December 1977) 
corn for these tests had to be conditioned to the desired 
moisture content. Dry corn (less than 15% moisture content, 
wet basis) of unknown variety was available for testing the 
sheller. Several attempts were made to soak the dry corn in 
water and raise its moisture content to different levels by 
controlling the soaking time. Unfortunately this method did 
not work well. The moisture content obtained was not consis­
tent with the soaking time and varied from ear to ear. 
With the known relationship between temperature, rela­
tive humidity, and equilibrium moisture content of corn, 
shown in Figure 33, it was decided to rewet the dry ears by 
exposing them to a temperature-humidity environment at which 
the corn moisture is in equilibrium at the desired moisture 
content. 
An environment with a certain relative humidity can be 
maintained inside closed containers by using a saturated 
salt solution (Shelef and Mohsenin, 1966; Steele, 1963, 1967). 
Some of the saturated salt solutions and their relative 
humidities are shown in Table 2. 
A desired relative humidity can also be maintained by 
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Figure 33. Equilibrium moisture curves for corn 
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Table 2. Saturated salt solutions and their relative 
humidities at 23.3°C (Shelef and Mohsenin, 1955) 
Salt 
Relative 
humidity Salt 
Relative 
humidity 
K^SO^ 97.0 NaBr 58.7 
KNO3 92.5 K2CO3 43.9 
KCl 84.8 MgCl2 32.9 
NaCl 75.5 
^^2^3°2 22.9 
Na2Cr0^4H20 66.7 LiCl 11.1 
bringing atmospheric air to 100% relative humidity and then 
dropping the humidity to the desired level by adding sensible 
heat, as shown in Figure 34, 
Equipment was available at the USDA Grain Laboratory, 
Iowa State University to control the relative humidity of 
atmospheric air. Figure 35 shows a schematic diagram of the 
equipment. Water at 1,57°C was sprayed inside water towers 
made of ceramic saddles. Atmospheric air was blown through 
the wet ceramic material. 
To control the relative humidity of the saturated air 
coming out of the water towers, a 500 watt electric heater was 
mounted at the outlet from the towers. The heater supplied 
sensible heat to raise the dry bulb temperature of the 
saturated air, and reduce its relative humidity. By con­
trolling the amount of heat supplied, the temperature and the 
59 
100% relative 
humidity 
Initial 
relative 
humidity 
Desired 
relative 
humidity 
H-
a 
H-(+ 
m 
•o 
m 0 
H-
H) 
3" 
c 
3 
o 
Dry bulb temperature 
Figure 34. Illustrative psychrometric chart showing the 
process of controlling air relative humidity 
relative humidity of the air were controlled. 
Four batches of corn were placed inside four bins with 
perforated floors. The controlled wet air was passed through 
the corn to supply it with moisture until equilibrium took 
place. The weight of a few ears from each bin was recorded 
periodically during the wetting process. Equilibrium was 
achieved when the sample ears stopped gaining weight. 
The highest moisture content (20% wet basis) was obtained 
after passing wet air without supplemental heat for a period 
of six weeks. In theory, higher moisture contents could be 
obtained using this method; however, with our equipment, the 
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Figure 35, Schematic diagram of corn wetting equipment 
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air which passed through the com was not saturated due to 
uneven water spraying and because of heat gained from duct 
walls during the long air-flow path to the corn. 
Three moisture contents (20, 18, and 15%) were finally 
obtained by the wetting process. A fourth moisture content 
of 25% was prepared by soaking the corn for about two hours 
in warm water and then drying it to 25% by using the same 
equipment used to pass wet air through the corn. 
Damage Evaluation 
Numerous methods for evaluating damage are described in 
the literature. The most commonly used commercial method is 
the one established by the Official Grain Standards of the 
U.S. Department of Agriculture. Broken kernels and foreign 
matter are defined as that portion which will readily pass 
through a 12/64 inch round hole sieve. This method does not 
account for other types of mechanical damage such as crushed 
or chipped kernels and kernels with hairline cracks. 
The method used by research workers for critical evalua­
tion of corn damage is visual inspection (Saul and Steele, 
1966; Fox, 1969; Peprah, 1972; Mahmoud, 1972). These re­
searchers defined mechanical damage as the percentage of 
the total weight consisting of fines, chipped kernels, and 
kernels with hairline cracks on the seed coat. Every damaged 
kernel separated from the sound kernels was given equal 
weight in the damage analysis; no consideration was given to 
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the severity of the damage to the kernel. Visual inspection 
was improved by using Fast Green FSF dye which accents seed 
coat cracks. The dye enters through the cracks in the damaged 
seed coat, staining the endosperm. After the dye is washed 
off the surface, the stained portions of the seed coat are 
easily detected. 
À numerical damage index based on germination test re­
sults was developed by Chowdhury and Buchele (1975). The 
damaged kernels were divided into four categories according to 
the severity of damage. The severity of damage of these four 
categories was compared with sound kernels by planting several 
samples of each in standard sand bed germination tests. The 
percentage of seed not germinated was calculated and divided 
by 10 to get a multiplying factor for the different categories 
according to the severity of damage. This numerical damage 
index is believed to give a more nearly complete picture of 
the total damage situation; thus it was selected for the 
damage evaluation of the corn shelled by the inclined roller 
sheller of this study. 
After each ear was shelled in the inclined roller sheller 
the shelled corn was collected and weighed before and after 
drying. Drying was done at room temperature for 24 hours in 
a small sample dryer without any supplemental heat (Figure 
36). The dried samples were then passed through a Boerner 
grain divider (Figure 37) to obtain a50-g subsample for 
damage evaluation. Since the corn samples had hardly any 
Figure 36, Small corn samples dryer with two air blowers 
attached 
Figure 37. Boerner grain divider 
64 
65 
fines, no attempts were made to use a 12/64-inch round hole 
sieve for screening the samples. The 50-g sample was then 
soaked in 100 ml of 0,1% Fast Green FCF dye solution for 
3 minutes and was placed in a strainer. Excess dye was 
washed away with running tap water. 
Dyed samples were spread on paper mats to dry for 24 
hours at room temperature before damage evaluation. The 
dried samples were then visually inspected under a magnifying 
glass, and were divided into four different categories accord­
ing to the severity of damage. The categories were: 
1. Severe damage—broken, chipped, and crushed kernels 
(more than 1/3 of the whole kernel missing) (Figure 
38a). 
2. Major damage—open cracks, chipped and severe peri­
carp damage (Figure 38b). 
3. Minor damage—hairline cracks and spots of pericarp 
missing (Figure 38c). 
4. Whole kernels—did not absorb dyd on any part except 
root tip (Figure 38d). 
The different categories were then weighed on a Mettler 
balance (Figure 39), and the percentage of each category was 
calculated as follows: 
d = ^ X 100 
w 
where 
d = percent of each category 
X = mass of the category fraction (g) 
w = sample mass (g) 
The percentage of each category was then used to 
Figure 38. Four different categories of damage (samples are 
from combine shelled corn) 
(a) Severe 
(b) Major 
(c) Minor 
(d) Sound 
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calculate the damage index. The damage index is given by: 
10 d^ + 10 dg + 6 dg + 2 d^ + 1 dg 
Damage index, D.I. = jO 
where d^, d2» d^» d^, and dg are the percent mass of the 
categories fine material, severe damage, major damage, minor 
damage, and soiand kernels, respectively. The numbers 10, 10, 
6, 2, and 1 in the numerator are multiplying factors for the 
different categories according to the severity of damage based 
on germination tests as previously described. 
D.I. = 10 when the whole sample consists of sound kernels 
D.I. = 100 when the whole sample consists of the cate­
gories fines and severe damage. 
The FCF dying equipment is shown in Figure 40. 
Energy Measurement 
The energy for shelling can be partitioned into three 
parts: energy spent in separating the kernels from the cob 
(rupture of the rachilla), energy absorbed by the corn (in­
cludes frictional energy and energy spent in damaging the 
kernels), and the kinetic energy of translational and rota­
tional motion of kernels and cob. 
E — E + E + E 
shelling ~ separation absrobed kinetic 
The quantity of separation energy required depends on the 
strength of the kernel attachment, which in turn depends on the 
moisture content of the kernels and the mode of force applica­
tion (Waelti, 1967; Johnson and Lamp, 1966; Fox, 1969). The 
Figure 39, Mettler balance used for weighing the damage 
categories 
Figure 40. Fast green dye FCF staining equipment 
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energy absorbed by the kernels depends on the rheological 
properties of the corn kernels and their moisture content 
(Zoerb and Hall, 1950; Mahmoud, 1972). The kinetic energy 
of the cob and the kernels by be expressed as follows: 
skinetic = ^ vl + % *2?# + % + % iz-i 
where 
m = mass 
V = velocity 
I = rotational moment of inertia 
^ = angular velocity 
Subscripts 1 and 2 refer to kernel and cob, respectively. 
From a series of impact tests, Johnson et al. (1969) 
developed an equation which relates the energy per unit mass 
of removed kernels to loading mode, drop height and moisture 
content. The energy requirement for shelling decreased with 
an increase in drop height, and increased as the kernel 
moisture content increased. The loading mode (transverse 
and axial) did not significantly influence the energy require­
ment for shelling. 
Since the literature is lacking any information concern­
ing measurement of the net energy consumed during the process 
of shelling, attempts have been made in this study to measure 
the energy of shelling and relate it to other shelling 
parameters, such as kernel damage, moisture content, and 
speed of shelling. 
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The electric power input to the driving motors can be 
expressed as* 
P = I V cos 0 
where 
P = input power in watts 
I = current in amperes 
V = voltage in volts 
cos J3 = power factor 
0 = phase angle between current and voltage 
During the shelling process for each sample ear the net 
electric input power to the driving motors was measured and 
recorded versus time by an X-Y recorder. Figure 41 shows a 
typical power-time curve recorded while shelling an ear. By 
integrating the power curve over time the input energy re­
quired for shelling can be calculated as follows: 
A mechanical planimeter (K & E Model 4236) was used for 
integrating the area under the power time-curves (Figure 42). 
The equipment used for measuring the shelling energy is shown 
in Figure 43. 
An electronic power transducer was built and used to 
drive the X-Y plotter. The circuit diagram of this transducer 
is shown in Figure 44. It consisted of a voltage multiplier 
to multiply the voltage signal by the current signal to give 
the power signal. The phase angle is accounted for as the 
output follows the instanteous current and voltage product. 
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Figure 41, Typical input power versus time curve as graphed 
by the X-Y plotter for shelling an ear of corn 
in the inclined roller sheller 
Figure 42, The mechanical planimeter (K & E Model 4236) 
used for integrating the area under the power-
time curve 
Figure 43. Equipment used for measuring the shelling input 
power, 1 - X-Y plotter; 2 - monitor box contain­
ing ammeter, voltmeter and frequency meter; 
3 - electronic power transducer 
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The voltage drop across is proportional to the current 
drain. This voltage signal for current is applied to point 
E^, The line voltage signal is applied to point E2. The 
output signal E out for power is proportional to the product 
of E^ by Eg. A capacitor was added to the output only for 
the purpose of stabilizing the X-Y plotter. The output 
voltage was checked for linearity using a resistance box and 
a wattmeter. To check the system, the power used by a 40-
watt light bulb was recorded on the X-Y plotter before each 
run of a sample ear. Figure 45 shows a block diagram of the 
process for measuring the shelling input power. 
The actual output energy consumed in shelling the corn 
was calculated as follows: 
Actual shelling energy = Input shelling energy x 
efficiency of the motors 
One electric drill was selected for efficiency calibration 
at the machine operating points. A motor analysis dyna­
mometer (Go-Power Corporation Model Md-80) was used for this 
purpose and is shown in Figure 46. The output power for each 
speed trigger setting used in the experiment was recorded 
after applying enough load to make the input power equivalent 
to that consumed during the shelling process (input power 
needed to run the machine at no load + net input shelling 
energy). An average motor efficiency of 0.167 was used for 
calculating the actual shelling energy. 
The speed of each shelling roller was measured by the 
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Figure 45. Block diagram showing the process of recording the 
input shelling power 
Figure 46. Equipment used for efficiency calibration of the 
electric drills used to drive the inclined roller 
sheller 
Figure 47. Photo tachometer used for measuring the speed 
of the shelling rollers 
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photo tachometer shown in Figure 47 (Abbeon Cal, Inc. Model 
AB74). This tachometer projects a light beam on a reflecting 
stripe on each roller. The reflected light is received back 
by the tachometer and its frequency is indicated by a 
galvanometer movement. 
Capacity and Efficiency of the Inclined Roller Sheller 
Any shelling device that will compete successfully with 
conventional shellers must have a high shelling capacity. 
Shelling capacity measurements were made to evaluate the 
capacity of the inclined roller sheller in comparison with 
existing shelling machines. For each sample ear shelled by 
the machine, the shelling capacity was calculated as follows: 
SC = W/t 
where 
SC = shelling capacity in kg/h 
W = mass of kernels actually shelled, kg 
t = time of shelling, hours 
The time required to shell each sample ear was measured from 
the power-time curve. The mass of the shelled corn from 
each sample ear was recorded after air drying at room tem­
perature for 24 hours. 
Efficiency of shelling is another important parameter 
for evaluating the performance of the shelling machine. 
Shelling efficiency is defined as the mass of the kernels 
actually shelled to the total mass of kernels on the ear 
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before shelling. 
SE = (1 - X 100% 
where 
SE = shelling efficiency, % 
L = shelling loss (weight of unshelled kernels attached 
to the cob), leg 
W = mass of the shelled kernels, kg 
High shelling efficiency means low losses of unshelled 
kernels left attached to the cob. 
Preliminary tests showed that, for the range of moisture 
contents and roller speeds tested, the kernel moisture content 
and the roller speed did not affect the level of shelling 
losses. Consequently, no attempts were made to record the 
shelling losses for each sample ear, but instead the total 
shelling loss of the 96 samples was collected and recorded to 
indicate the shelling efficiency of the experimental machine. 
The total shelling loss of the 96 samples was found to total 
0.208 kg out of 17.074 kg of shelled corn, yielding a shell­
ing efficiency of 98.8%. The mass of the losses and the 
shelled corn was recorded after air drying for 24 hours at 
room temperature. 
Statistical Analysis and Results 
To evaluate the performance of the new machine, a fac­
torial experiment was designed, with the kernel moisture 
content, roller speed, and inclination angle of the roller as 
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the independent variables and the damage index, shelling 
energy per unit weight, and shelling capacity as the depen­
dent variables. The damage index, shelling energy per unit 
weight and shelling capacity were calculated for each sample 
and the results are listed with the original data in Table 
Al, Appendix A, 
A statistical analysis system (SAS) at the Iowa State 
University computational center was used in the analysis of 
variance of the following model: 
(DI,EE,SC) = n + (ANG). + (SP).+ (ANG*SP). . + (MC). + i J 1j k 
(ANG*MC).. + (SP*MC) .. + (ANG*SP*MC) . .. + IK. jiC 1 jK 
(g)ijki 
where 
DI = damage index 
EE = shelling energy in Jcwh/ton 
SC = shelling capacity in kg/h 
il = overall mean 
ANG = inclination angle in degrees 
SP = roller speed in rpm 
MC = moisture content in percent wet basis 
E = error 
The analysis of variance for the damage index (Table 3) 
indicated that of the main effects, only the moisture content 
had a highly significant effect (at the 1% level) on the 
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Table 3. Analysis of variance for damage index 
Source DF 
Sums of 
squares F Prob > F 
ANG 1 0.175 0.581 0.5450 
SP 3 0.466 0.514 0.6781 
ANG*SP 3 2.905 3.208 0.0283* 
MC 3 12.322 13.608 0.0001** 
ANG*MC 3 0.098 0.108 0.9541 
SP*MC 9 3.583 1.319 0.2444 
ANG*SP*MC 9 5.591 2.058 0.0464* 
Residual 64 19.318 
Corrected total 95 44.458 
•Significant at 5% level. 
**Significant at 1% level. 
damage index. The two-way interaction (ANG*SP) and the three-
way interaction (ANG*SP*MC) were also significant, but at the 
5% level. Significance of the three-way interaction indicates 
that the moisture content did not act independently but its 
influence on the damage index depended on the roller speed and 
on the roller inclination angle. The damage index averaged 
10.83, but ranged only from 10.55 at 15% moisture content 
to 11.44 at 25% moisture. These numbers indicate that the 
inclined roller sheller inflicted very little damage to the 
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corn kernels, especially at low moisture content where the 
damage index was very close to 10 (100% sound kernels). The 
damage index was almost constant for the moisture contents of 
15, 18, and 20% (Figure 48); then it increased to a slightly 
higher level at 25% moisture. While this increase in damage 
index is statistically significant, it is still small. This 
increase could be related to the different treatment of corn 
in preparing the 25% moisture ears. The fast soaking may have 
introduced stress cracks in the kernels, or otherwise affected 
the tendency to be damaged. If this is not the case, more 
points between the 20 and 25% moistures are needed to deter­
mine the behavior of the damage index as affected by the mois­
ture content. Because of the uncertainty, no attempts were 
made to use regression analysis for fitting a smooth curve 
through the points. 
Representative sound and damaged kernels sorted from corn 
samples shelled by the inclined roller sheller are shown in 
Figures 49 and 50, respectively. On the average, the sound 
kernels comprised 95.35% of the shelled corn samples. Most of 
the sound kernels did not lose their tips. The minor damage 
category dominated the damaged kernels with 82,3%, followed by 
the major damage category with 16,02%, and the severe damage 
category with 1,68%. Unlike the conventional shelling ma­
chines, the inclined roller sheller did not break the cobs 
during the shelling operation (Figure 51), The unbroken cobs 
resulting from shelling the sample ears confirmed that the 
ears did not suffer large forces during the shelling opera­
tion; hence, very little damage was caused to the kernels. 
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Figure 48. Relationship of damage index and kernel moisture 
content for the inclined roller sheller 
Figure 49. Sound kernels sorted from corn samples shelled 
by the inclined roller sheller 
Figure 50. Representative damaged kernels collected from 
many samples 
Figure 51. Complete (unbroken) cobs resulted from shelling 
the sample ears in the inclined roller sheller 
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The effect of the machine independent variables on the 
corn shelling energy is indicated by the analysis of variance 
shown in Table 4, All the variables and their interactions 
were highly significant at the 2% level, except the two-way 
interaction (ANG*SP) which was significant at the 5% level, 
and the interaction (SP*MC) which was very close to being 
significant at the 5% level. The shelling energy decreased 
with an increase in roller speed. À possible explanation for 
this may be that at low roller speed the rubbing forces are 
too small and the number of kernels reaching a critical stress 
level is relatively low. Under such conditions a higher 
energy fraction is dissipated by a nonproductive flexing of 
the kernels. A quadratic relationship was found to fit the 
data with a coefficient of correlation (R ) of 0.725 and 0.898 
for the 15 and 20 degrees inclination angles, respectively 
(Figures 52 and 53). For the 20 degrees inclination angle 
the energy required decreased at a higher rate than at the 
15 degrees angle, and the overall average energy consumption 
was lower. 
The shelling energy was also found to have a quadratic 
relationship with the kernel moisture content for both the 15 
and 20 degrees inclination angles, with a coefficient of 
correlation (R^) of 0.99995 and 0.998, respectively (Figures 
54 and 55). In general, the energy consumption increased with 
an increase in moisture content, but this increase was at a 
higher rate for the 15 degrees angle than for 20 degrees angle. 
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Table 4. Analysis of variance for shelling energy 
Sum of 
Source DF squares F Prob > F 
ANG 1 0.9567 21.72 0.0001** 
SP 3 1.0227 7.82 0.0002** 
ANG*SP 3 0.5010 3.83 0.0137* 
MC 3 6.6833 51.12 0.0001** 
ANG*MC 3 0.7189 5.50 0.0021** 
SP*MC 9 0.7574 1.93 0.0628 
ANG*SP*MC 9 1.1042 2.82 0.0076** 
Error 64 2.7890 
Corrected total 95 14.5231 
•Significant at 5% level. 
**Significant at 1% level. 
At the 20 degrees inclination angle the overall energy con­
sumption was lower than at the 15 degrees angle, especially 
at high moisture content. 
A better view of the effect of the variables and their 
interactions on the shelling energy is shown in the three-
dimensional plots of Figure 56. 
Multiple quadratic regression for the roller speed and 
kernel moisture content at both angles of inclination, 
yielded the following prediction equations with a coefficient 
of correlation (R^) of 0.790 and 0.887 for the 15 and 20 
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degrees inclination angles, respectively. 
EEis = -8.46 + 0.0198(SP) - 0.189(MC) - 0.00000934(8?)^ 
-0.000044(SP*MC) + 0.00812(MC)2 
EEgo = 3.71 - 0.00743(SP) + 0.0382(MC) + 0.00000444(SP)^ 
- 0.000137(SP*MC) + 0.00379(MC)2 
The analysis of variance for the shelling capacity of 
the inclined roller sheller is shown in Table 5. Only the 
main effects (angle, speed, and moisture content) were highly 
significant at the 1% level. The shelling capacity increased 
linearly with speed for both the 15 and 20 degrees inclination 
2 
angles, with a coefficient of correlation (R ) of 0.9715 and 
0.9987, respectively (Figures 57 and 58). The overall mean 
and the rate of increase for the shelling capacity was higher 
for the 20 degrees than that for the 15 degrees inclination 
angle. 
In general, the shelling capacity decreased significantly 
at higher moisture contents, with a quadratic relationship 
(R^ = 0.9976) for the 15 degrees inclination angle (Figure 
59) and a linear relationship (R^ = 0.9941) for the 20 de­
grees angle (Figure 60). Three-dimensional plots of the 
shelling capacity as a function of roller speed and kernel 
moisture content are shown in Figure 61 for both the 15 and 
20 degrees inclination angles. Multiple quadratic regression 
analysis revealed the following prediction equations for the 
shelling capacity at the 15 and 20 degrees angles, respec­
tively: 
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Table 5. Analysis of variance for the shelling capacity 
Source DF 
Sum of 
squares F Prob > F 
ANG 1 6500.97 14.27 0.0006** 
SP 3 16020.78 11.72 0.0001** 
ANG*SP 3 1610.97 1.18 0.3247 
MC 3 36184.48 26.48 0.0001** 
ANG*MC 3 522.76 0.38 0.7691 
SP*MC 3 3724.70 0.91 0.5240 
ANG*SP*MC 9 2071.17 0.61 0.8658 
Error 64 29154.19 
Corrected total 95 95789.97 
**Significant at the 1% level. 
SC^g = 97.2871 + 0 .0574(SP) - 8. 6135(MC) + 0.000105(SP)2 
- 0.0101(SP*MC) + 0.3555(MC)2 
SC20 = -217.906 + 0.4475(SP) + 1.594(MC) - 0.000042(SP)^ 
-0.0107(SP*MC) + 0.0977(MC)^ 
At the 20 degrees inclination angle and 1200 rpm roller 
speed, the shelling capacity ranged from 33.07 kg/h at 25% 
kernel moisture content to 112.91 kg/h at 15% moisture, and 
averaged 77.74 kg/h. A comparison with the per row capacity 
of the combine cylinder which is approximately 2540 kg/h 
(100 bushels/h), indicates that the inclined roller sheller 
has objectionably low shelling capacity, and it must be 
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improved before it can compete with the conventional shelling 
machines. 
Conclusions 
1. Shelling of com ears was accomplished for the 
kernel moisture range 15 to 25%, using small impact and rub­
bing forces produced by three inclined lugged rollers rotating 
at different speeds. The shelling started at one end of the 
ear being shelled and progressed spirally to the other end. 
2. Unlike the conventional shelling machines, the in­
clined roller sheller did not produce any measureable corn 
fines, but caused very low levels of damage to the shelled 
kernels. This was indicated by the low damage index which was 
very close to 10 (100% sound kernels). Of the kernels that 
were damaged, 82.3% were of the minor damage category. The 
cobs emerged unbroken from the inclined sheller. 
3. The damage index remained nearly constant for the 
moisture contents, 15, 18, and 20% and increased slightly at 
25% moisture content. The inclination angle and roller speed 
did not influence the level of damage, indicating that there 
is a possibility of increasing the shelling speed without 
significantly affecting the damage level. 
4. The inclined roller sheller consumed less energy per 
ton of corn shelled at low kernel moisture content and high 
roller speed, 
5. The kernel moisture content and roller speed 
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significantly affected the shelling capacity of the inclined 
roller sheller. Higher shelling capacity was obtained at low 
moisture contents and high speeds. 
6. At the 20 degree inclination angle the inclined 
roller sheller generally performed better than at the 15 
degree angle. The overall mean of the energy consumption was 
lower and the shelling capacity was higher at the 20 degree 
angle. 
7. The inclined roller sheller had objectionably low 
shelling capacity in comparison with the conventional shelling 
machines. The shelling capacity has to be improved to a level 
comparable with the per row capacity of the combine cylinder 
before the machine would be accepted for field shelling. 
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DESIGN MODIFICATION FOR FEEDING IMPROVEMENT 
To increase the shelling capacity of the inclined roller 
sheller, the planes containing the axes of the shelling ro 
rollers were skewed 20 degrees from the vertical so that the 
same plane no longer contained the axes of the ear and a 
roller (see Figures 62 and 63). By this arrangement, the 
roller imparts to the ear a two-component force, a spinning 
force and a feeding force, as illustrated in Figure 64. The 
feeding force accelerates the shelling process by pulling the 
ear downward, resulting in lower shelling time, i.e., higher 
shelling capacity. 
Test Procedure 
Corn ears of the variety Pioneer 3588 were harvested and 
husked by hand. Insect and disease damaged kernels were re­
moved from each ear to ensure undamaged samples. The average 
moisture content of the ears was 24% wet basis when harvested. 
Moisture contents of 22, 20, 18, and 16% were obtained by 
drying batches of the corn in the laboratory for different 
periods of time. During the drying operation the weight of 
a few ears vas checked frequently to keep track of how much 
weight the ears were losing. When the ears of corn reached 
the specified moisture content they were sealed in plastic 
bags and stored in a cool place to avoid moisture losses and 
spoilage. The ears were stored for a few days to eliminate 
Figure 62, The modified inclined roller sheller showing the 
roller axes skewed 20° from a vertical plane 
Figure 63. À closer view of the skewed rollers of the 
modified inclined roller sheller; the Plexiglas 
shields were removed for clarity 
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Figure 64. Illustration of the spinning force and feeding 
force imparted by the roller to the ear 
any small differences in moisture between ears. 
The sheller was set at one inclination angle (20 degrees), 
and was operated at four rotational speeds (1200, 1100, lOOO, 
900 rpm) of the high speed roller. The roller speeds were 
checked by a phototachometer as shown in Figure 65. Three 
replications of each treatment resulted in 5 x 4 x 3 = 60 
samples. Each run consisted of shelling one ear without plac­
ing any other ears above it during shelling. The shelled 
kernels of each sample ear were collected and weighed before 
and after air drying at room temperature for 24 hours. For 
damage evaluation, a lOO g subsample was obtained from each 
shelled ear using a Borener grain divider. The numerical 
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damage index method previously described was used for evaluat 
ing damage. 
The kernels that were not removed by the sheller were 
shelled by hand and weighed for calculating the shelling 
efficiency. During each run the net power input to the 
driving motors was recorded versus time of shelling using a 
power transducer and X-Y recorder as shown in Figure 66. A 
typical graph of power versus time obtained during the shell­
ing process of a sample ear is shown in Figure 67. Integra­
tion of the area under the power-time curve yielded the input 
energy consumed during shelling. The driving motors were 
calibrated for efficiency at the machine operating points. 
The motors' efficiencies averaged 0.243, 0.267, 0.273, and 
0.263 for the operating speeds 1200, llOO, lOOO, and 900, 
respectively. The actual output energy consumed in shelling 
the corn was calculated by multiplying the input energy by 
the motor efficiency. 
Statistical Analysis and Results 
The numerical value of the damage index, shelling energy 
per unit mass, shelling capacity and shelling efficiency were 
calculated for each sample. The results are listed with the 
original data in Table Bl, Appendix B. To evaluate the per­
formance of the modified inclined roller sheller a factorial 
experiment was designed with kernel moisture content and 
roller speed as the independent variables and damage index. 
Figure 55. The phototachometer as it was used for measuring 
the roller speed of the modified inclined roller 
sheller 
Figure 66. The power transducer and the X-Y recorder as 
they were used for recording the net power input 
to the driving motors of the modified inclined 
roller sheller 
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Figure 67, Typical input power versus time curve plotted 
by the X-Y recorder for the modified inclined 
roller sheller 
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shelling energy, shelling capacity, and shelling efficiency 
as the dependent variables. 
To identify those independent variables that may signifi­
cantly affect the dependent variables, an analysis of variance 
was performed on the test data using a statistical analysis 
system (SAS), assuming the following model: 
(DI,EE,SC,SE) = + (SP). + (MC) . + (SP*MC). . + (E). i j ij 1 jjc 
where 
DI = damage index 
EE = shelling energy in kwh/ton 
SC = shelling capacity in kg/h 
SE = shelling efficiency in percent 
p. = overall mean 
SP = roller speed in rpm 
MC = kernel moisture content in percent wet basis 
E = error 
For speeds and moisture content ranges used in this ex­
periment, neither of the independent variables or their inter­
action showed any significant effect on the level of the 
damage index, as indicated by the analysis of variance in 
Table 6, However, the damage index was very low, averaging 
11.497 for all samples. Figures 68 and 69 show a representa­
tive sample of sound kernels and damaged kernels, respectively, 
sorted from corn samples shelled by the modified inclined 
roller sheller. On the average, the sound kernels comprised 
89.48% of the shelled corn samples. Very few of the sound 
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Table 6. Analysis of variance for damage index 
Source DF 
Sum of 
squares F Prob > F 
SP 3 0.86 0.38 0.7687 
MC 4 4.47 1.47 0.2282 
SP*MC 12 7.69 0.85 0.6046 
Error 40 30.30 
Corrected total 59 43.32 
kernels lost their tips during the shelling process. This can 
be considered evidence of gentle shelling by the inclined 
roller sheller. Of the damaged kernels, 92.14% were of the 
minor damage category, 6.09% were of the major damage cate­
gory, and 1.77% were of the severe damage category. Further 
evidence of gentle shelling by the modified inclined roller 
sheller was provided by the unbroken ccbs (Figure 70) and the 
nearly complete absence of corn fines resulting from shelling. 
In a field survey of 84 corn combines in northcentral 
Iowa (Ayres et al., 1972), the total kernel damage averaged 
34.4% for the moisture range 12 to 23.9% wet basis. The 
total damage is defined as the percentage of total weight 
consisting of fines, chipped and broken kernels and kernels 
with hairline cracks on the seed coat. To compare the level 
of damage inflicted by the experimental sheller to that 
Figure 68. Sound kernels sorted from corn samples shelled 
by the modified inclined roller sheller 
Figure 59. Representative damaged kernels collected from 
many samples 
Figure 70. Complete (unbroken) cobs obtained from shelling 
corn ears with the modified inclined roller 
sheller 
Ill 
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produced by the conventional combine cylinders in the field 
survey, the total damage has to be calculated instead of the 
damage index. The total damage for the modified inclined 
roller sheller averaged 10.52%. Even this is not a satis­
factory comparison because 92.14% of kernels damaged by the 
experimental sheller were of the minor damage category, while 
much of the damage caused by combine cylinders is major or 
severe. Still, the total damage induced by the experimental 
sheller was much lower than that induced by the conventional 
combine cylinder. 
The analysis of variance for the shelling energy (Table 
7) indicated that only the roller speed had a highly signifi­
cant effect (at the 1% level) on the energy consumption. 
Energy per unit mass shelled decreased with an increase in 
roller speed. A quadratic relationship was found to fit the 
2 data, with a coefficient of correlation (R ) of 0.966 (Figure 
71). The inclined roller sheller consumed less energy after 
modification. The overall mean of energy consumption was re­
duced by almost one-half. This may be related to the decrease 
in shelling time, suggesting that the energy dissipated in 
nonproductive rotation of the ears was reduced. 
Table 8 shows the analysis of variance for the shelling 
capacity. Of the two main effects and their interaction only 
the roller speed was highly significant (1% level). The 
shelling capacity increased with the increase in roller speed, 
and had a quadratic relationship, with a coefficient of 
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Table 7. Analysis of variance for shelling energy 
Sum of 
Source DF squares F Prob > F 
SP 3 0.0003096 7.28 0.0005** 
MC 4 0.000544 1.14 0.3537 
SP*MC 12 0.000860 1.51 0.8985 
Error 40 
Corrected total 59 
**Significant at the 1% level. 
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Figure 71. Effect of roller speed on the shelling energy of 
the modified inclined roller sheller 
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Table 8. Analysis of variance for shelling capacity 
Source DF 
Sum of 
squares F Prob > F 
SP 3 235342.72 5.96 0.0018** 
MC 4 38143.74 0.72 0.5801 
SP*MC 12 68301.37 0.43 0.9404 
Error 40 526152.79 
Corrected total 59 867940.62 
•^Significant at the 19b level. 
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Table 72. Effect of roller speed on the shelling capacity 
of the modified inclined roller sheller 
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correlation (R^) of 0.980 (Figure 72). At 1200 rpm roller 
speed the shelling capacity averaged 329 kg/h. Although the 
shelling capacity of the inclined roller sheller has been 
increased on the average more than four times after modifica­
tion, it is still low compared with the per row capacity of 
the conventional combine cylinder, which is approximately 
2540 kg/h. One possible way of increasing the shelling 
capacity of the experimental sheller further is by increasing 
the operating speed of the shelling rollers. Although the 
roller speed did not significantly affect the damage index 
for the speed range used in these tests, it might cause ad­
verse effects on the damage level at very high speeds. How­
ever, to compete with the conventional shelling machines, 
more than one shelling unit per row could be used for field 
shelling. 
The analysis of variance for the shelling efficiency 
(Table 9) indicated that, of the two main effects, only the 
roller speed was highly significant at the 1% level. The 
interaction of speed and moisture content was also significant 
at the 5/6 level, indicating that the speed did not act inde­
pendently, but its influence depended on the kernel moisture 
content. The sheller was more efficient at high roller 
speeds, i.e., high speeds resulted in less shelling loss, 
which is represented by the amount of unshelled kernels left 
on the cob. A possible explanation for this is that at low 
roller speed the impact and rubbing forces are too small 
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Table 9. Analysis of variance for the shelling efficiency 
Source DF 
Sum of 
squares F Prob > F 
SP 3 76.02 4.72 0.0065** 
MC 4 37.95 1.77 0.1542 
SP*MC 12 152.65 2.37 0.0204* 
Error 40 214.56 
Corrected total 59 481.18 
**Significant at the 1% level. 
•Significant at the 5% level. 
compared to the feeding force which pulls the ears downward 
through the cob clearance space before the shelling is com­
pleted. The flexibility of the machine structure allowed 
the relatively large diameter of the unshelled part of the 
ear to pass through the cob clearance space. 
A quadratic relationship was found to fit the shelling 
2 
efficiency data, with a coefficient of correlation (r ) of 
0.9996 (Figure 73). The shelling efficiency ranged from 
94.42% at 900 rpm to 97.42% at 1200 rpm, and averaged 
95.74%. Although the modification of the inclined roller 
sheller increased the shelling capacity, the shelling effi­
ciency was slightly reduced on the average. It is believed 
that the shelling efficiency could be improved by sitffening 
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Figure 73. Effect of roller speed on the shelling efficiency 
of the modified inclined roller sheller 
the structure of the shelling machine or by decreasing the 
skew angle of the rollers. Decreasing the skew angle would 
reduce shelling capacity. 
Damage Comparison Tests 
Further testing was conducted on the modified inclined 
roller sheller to determine the amount of damage inflicted 
to the kernels during shelling compared to that resulting 
from shelling corn by hand, and by a combine cylinder. The 
breakage tendency of the shelled kernels after subsequent 
handling was also tested for the three shelling methods. 
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Hand-picked corn of the commercial variety Jacobson 
JS48 at 18% moisture content, was used in the tests. Three 
batches of husked ears weighing approximately 8 kg were 
shelled by hand, by the modified inclined roller sheller, and 
by a combine cylinder, respectively. The experimental sheller 
was operated at 1200 rpm roller speed during shelling. The 
combine cylinder tests were run in a stationary combine 
cylinder (Figure 74) constructed from John Deere Model 95 
combine parts, A detailed description of this laboratory 
sheller and its power supply was provided by Mahmoud (1972). 
The corn was shelled at 500 rpm cylinder speed and concave 
clearances of 3 cm in the front and 1.6 cm in the rear. The 
shelled corn was then air dried at room temperature for 24 
hours to approximately 12% moisture content. A Boerner grain 
divider was used to divide each batch of shelled com into 
several 100 gram subsamples. 
Damage evaluation usina colorimetric technique 
A colorimetric technique was developed by Chowdhury 
(1978) in an attempt to provide a fast and reliable system 
of grain damage evaluation. The technique was based on 
determining the amount of surface area of the corn kernel 
that is damaged. The starch molecules of the damaged tissues 
and cells were reacted with a Fast green PCF dye and subse­
quently the amount of the dye absorbed by the exposed starch 
molecules was estimated by extracting the dye with a dye 
Figure 74. Laboratory combine cylinder sheller 
Figure 75. Hach Chemical DR/2 spectrophotometer used for 
measuring the percent transmission of light 
through the extracted dye solution 
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recovery solution. The concentration of the dye in the 
recovery solution was determined by measuring the percent 
transmission of light through the solution using a 
spectrophotometer. 
The colorimetric technique was used in this study to 
compared the level of kernel damage inflicted by the experi­
mental sheller to that caused by the combine cylinder and 
hand shelling. Six corn samples of 100 g mass were prepared 
from each method of shelling. The fines were removed from 
each sample using a 6/64 in. round hole sieve. Each sample 
was soaked in 100 ml of 0,1% Fast green FCF dye solution 
having a pH of 3. The dye stained all of the mechanically 
damaged tissues that were exposed, but not the tissues of the 
intact pericarp covering the seed. After soaking the sample 
in the dye for 30 seconds, the dye was drained and the sample 
was rinsed under running tap water for 30 seconds in order to 
remove all of the excess dye from the pericarp of the seeds. 
After rinsing, the damaged sections of the kernels were 
stained and the sound pericarp was not. The dyed corn sample 
was then soaked in 250 ml of a dye extracting solution (0.05 
N NaOH) for 30 seconds. During soaking the dye from the 
damaged part of the kernels was extracted into the solution, 
thus recovering the dye that stained the damaged surfaces of 
the kernels. The concentration of the dye in the recovery 
solution was then determined by measuring the percent light 
transmission through the solution using a Hach Chemical DR/2 
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spectrophotometer at 610 nm wave length (Figure 75). The 
spectrophotometer was calibrated for 100% transmission with 
distilled water as reference solution. The percent light 
transmission scale was used as an arbitrary basis for sound­
ness of the sample. The lower the reading of the percent 
transmission the lower would be the quality of the sample and 
the higher the percent transmission reading of the extracted 
dye solution the better would be the quality of the shlled 
corn sample. The results of the percent transmission read­
ings for the samples tested are listed in Appendix C, Table 
CI. The means and standard deviations of the percent trans­
mission readings for the six samples of each shelling method 
were calculated and are listed in Table lO. 
The t-values compare the mean of the percent transmission 
readings obtained from the samples shelled by the experimental 
sheller with those obtained from the samples shelled by the 
combine cylinder and by hand. The percent transmission mean 
for the sample from the experimental sheller was significantly 
(at the 1% level) higher than that from the combine cylinder, 
indicating that more dye was extracted fromthe combine 
cylinder corn samples and hence the higher level of damage 
was inflicted to the kernels shelled by the combine cylinder. 
Although the percent transmission readings for the samples 
shelled by the experimental sheller were close to those of 
•che hand-shelled samples, the small difference was significant 
at the 1% level, indicating that the experimental sheller 
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Table 10. t-tests for significance between the means of per­
cent transmission readings (six replications for 
each shelling method) 
% transmission 
Experimental Combine 
sheller cylinder Hand shelling 
X S X S X S t-value 
67.42 0.585 34.33 3.125 - - 25.49** 
67.42 0.585 - - 76.33 0.516 27.98** 
**Significant at the 1% level. 
caused more damage than hand shelling. The hand-shelled 
samples showed the highest percent transmission reading, but 
lower than 100% transmission, due mostly to the small amount 
of dye extracted from the tips of the sound kernels. 
To quantify the amount of damage represented by each 
percent transmission reading of the spectrophotometer, dif­
ferent weights of broken com kernels that passed through a 
14/64 in. and stayed on a 12/64 in. round hole sieve, were 
treated by the same method and the results are shown in 
Figure 76. The means of the percent transmission readings 
for the corn samples shelled by the combine cylinder, experi­
mental sheller, and by hand, were equivalent to the readings 
of 6.1, 1.8, and 1.2 g broken kernels, respectively. These 
numbers showed that the kernel damage inflicted by the 
combine cylinder was more than three times as great as that 
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Figure 76, Spectrophotometer percent transmission reading 
for dye solution extracted from different weights 
of broken kernels that passed through 14/64 in. 
and stayed on 12/64. round hole sieve 
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inflicted by the experimental sheller, while the experi­
mental sheller showed a small increase above the damage caused 
by hand shelling. 
Breakage test 
A standard grain breakage test has recently been de­
veloped (McGinty, 1970) for measuring the tendency of grain 
to break during handling and transport. The mechanical re­
sistance to breakage of grain varies widely with moisture 
content, variety, temperature, type of load, and orientation 
of the kernels with respect to the direction of the load. 
For this reason the test could only be used for relative mea­
surement of breakage, which is satisfactory for comparing the 
breakage susceptibility of the corn shelled by the experi­
mental sheller to that shelled by hand and by combine cylinder. 
The relative tendency for breakage of one corn variety shelled 
by different methods could reflect the relative initial level 
of kernel damage (including internal cracks) induced during 
shelling by each method. 
The same com that was shelled by hand, experimental 
sheller, and combine cylinder was used for this test. The 
lOO-g corn samples were prepared after sieving the corn with 
a 12/64 in. round hole sieve. Sound kernels samples of 100 g 
were also sorted from the corn shelled by the experimental 
sheller and the combine cylinder. À Stein model CK2 grain 
breakage tester (Figure 77) was used for testing four samples 
Figure 77. The grain breakage 
used for measuring 
of shelled kernels 
tester (Stein model CK2) 
the breakage susceptibility 
Figure 78. Unhusked ears after being shelled by the modi­
fied inclined roller sheller 
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from each of the five categories. The Stein unit has a re­
movable chamber in the shape of a cup. A steel impeller 
fits into this cup with a small clearance on the bottom and 
sides. The impeller, rotating at approximately 1800 rpm 
causes impact and slinging of the grain. The samples were 
placed in the test chamber before starting the impeller. 
This eliminated error from dribbling the sample in while the 
machine was running. The tests were timed by an electric 
synchronous clock that stopped the test after the 2 minute 
preset interval. After each run, the sample chamber was 
carefully removed and the sample was placed on a 12/64 in. 
round hole sieve. The same amount of shaking was used for 
all the samples in sieving the broken kernels. The sample 
remaining on the screen was weighed and its percentage weight 
was considered as an index for breakage tendency. The higher 
the percentage remaining weight, the lower the breakage ten­
dency. The results of the percent remaining weight for the 
tested samples are listed in Appendix C, Table C2. The means 
and standard deviations of the percent remaining weight for 
the four samples tested from each category are shown in Table 
11. t-tests were used for comparing the means of the percent 
remaining weight of the samples from each category. The per­
cent remaining weight of the corn shelled by the experimental 
sheller was significantly higher than that of the corn shelled 
by the combine cylinder, indicating that the corn shelled by 
Table 11, t-tests for significance 
for each category) 
between the means of percent remaining weight (four replications 
Experimental Combine 
sheller cylinder 
Hand 
shelling 
Sound kernels 
exp. sheller 
Sound kernels 
combine cylinder 
X s X s X s X s X s t-value 
% 
97.59 
7o 
0.087 94.85 0.216 
% 7„ 7„ 
23.53** 
97.59 0.087 98.93 0.309 - - - - 8.35** 
97.59 0.087 - 97.81 0.237 - 1.74 
97.59 0.087 - - - 96.78 0.442 3.60** 
- - - - - 97.81 0.237 96.78 0.442 4.11** 
- - - - 98.93 0.309 97.81 0.237 - 5.75** 
^Significant at the 17» level. 
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the experimental sheller suffered less damage during shelling 
and hence had lower susceptibility to breakage. Even the 
sorted sound kernels from the samples shelled by the combine 
cylinder showed greater tendency to break (significant at the 
1% level) than the kernels shelled by the experimental 
sheller. This may be related to the hidden damage, such as 
internal cracks, inflicted to the sound kernels during the 
high impact and compressive shelling action of the combine 
cylinder. Sorted sound kernels from the samples shelled by 
the experimental sheller did hot show any significant reduc­
tion in breakage tendency. Although both categories were only 
slightly higher in breakage tendency than the hand-shelled 
kernels, the small difference was significant at the 1% level, 
suggesting that there was some hidden damage inflicted to the 
sound kernels sorted from the samples shelled by the e^eri-
mental sheller. 
Capability of Shelling Unhusked Ears 
A few unhusked ears of the commercial variety Jacobson 
JS48 at 18% kernel moisture content were run through the 
modified inclined roller sheller, which was operated at 1200 
rpm roller speed. The ears were shelled without any difficul­
ty indicating that the experimental sheller was capable of 
shelling unhusked ears without affecting its functional proper­
ties. The shelled ears are shown in Figure 78. 
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High Speed Photography 
High speed photography was used to observe how the ker­
nels were actually separated from the cobs by the modified 
inclined roller sheller. The camera used in making the high 
speed motion pictures was a 16 mm Hycam unit capable of shoot­
ing pictures at rates of 100 to 11,000 frames per second 
(Figure 79). Two high intensity (1000 watt) photo flood lamps 
were used to provide the required light for the high speed 
photography. Kodak Double-X negative film having an exposure 
index of 200 was used during the filming, with the camera set 
at an exposure time of 1/1250 and aperture f/6.3. Before 
shooting, the Plexiglas panels were removed from the sides 
of the experimental sheller to eliminate glare and obtain 
maximum clarity in the pictures. The experiment and operators 
used for the high speed photography are shown in Figure 80. 
The experimental sheller was operated at 1150 rpm of the 
high speed roller. The medium and the low speed rollers were 
operated at 1050 and 950 rpm, respectively. The rollers were 
set at 20 degrees inclination angle, 20 degrees skew angle, 
and 2.5 cm cob clearance. Husked ears of corn at 16% mois­
ture content were fed into the sheller at the same time that 
the control button of the camera was actuated. Three lOO-foot 
film rolls were used to shoot the three locations between the 
three rollers. Each run consisted of shelling two ears, such 
that for the first ear the small end was shelled first, and 
Figure 79, The Hycam high speed movie camera used for film­
ing the process of corn shelling by the modified 
inclined roller sheller 
Figure 80. The equipment and operators used for the high 
speed photography 
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for the second ear the big end was shelled first. The actual 
shelling time of each run ranged from 3 to 4 seconds. To 
provide enough time for filming the shelling of the two ears 
of each run, a filming rate of 1000 frames per second was 
used. This resulted in the entire 100 foot roll of film being 
run through the camera in 4 seconds. The filming rate of lOOO 
frames per second allowed for a time extension of approximate­
ly 42 times, and hence provided a good observation of the 
shelling phenomenon when projected at normal speed (24 frames 
per second). 
Figures 81, 82, and 83 show a typical sequence of shell­
ing the two ears of each run. No difference in shelling mode 
was observed when the small end or the big end of the ear was 
shelled first. More kernels were removed where a high speed 
roller rotated the ear against a slower roller than vice versa. 
In the first case the slower roller opposed ear rotation, in­
ducing a rubbing force toward the faster speed roller, while 
in the second case the slower roller opposed the ear rotation 
with a force directed away from the high speed roller, hence 
reducing the rubbing forces between the two rollers. The 
feeding force had a great effect on the shelling action. Be­
sides forcing the ears to contact the rollers during the 
shelling operation, it helped to separate and loosen the ker­
nels by pulling them downward (Figure 84). The kernels were 
then easily shelled by a combination of impact, rubbing and 
centrifugal forces. The last part of each ear was observed 
Figure 81, Individual frame from the high speed photography 
showing the start of shelling 
Figure 82. Individual frame showing the shelling progress 
of the same ear 
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Figure 83. Individual frame showing the end of shelling 
of one ear and the start of shelling of a 
second ear 
Figure 84, Individual frame showing the separation and 
loosening of the kernels by the skewed rollers 
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to be shelled faster, relative to the rest of the ear. The 
skewed rollers grip the last portion of the ear firmly and 
force it down through the cob clearance, inducing a compres­
sive force which helped to wedge the kernels off the cob. 
Conclusions 
1. For the moisture and speed ranges (16 to 24% MC, 
900 to 1200 rpm) used in testing the modified inclined roller 
sheller, the kernel damage was not significantly affected by 
kernel moisture content and roller speed. The modified ex­
perimental sheller also did not produce any measurable corn 
fines, and caused only slight damage to the shelled kernels. 
This was confirmed by the low damage index, which was close 
to 10 (100% sound kernels), and the fact that most of the 
damage was of the minor damage category. The unbroken cobs 
resulting from shelling the ears were also an indication of 
a gentle shelling process. 
2. Further damage and breakage tendency comparisons at 
18% kernel moisture content showed that the experimental 
sheller behaved more like hand shelling than like a combine 
cylinder. The corn shelled by the experimental sheller had 
significantly less damage than the com shelled by the com­
bine cylinder, and its breakage tendency after handling was 
significantly lower than that of sound kernels sorted from 
samples shelled by the combine cylinder. 
3. The low damage level inflicted to kernels during 
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shelling by the experimental sheller suggests that this 
machine might be useful in seed corn production. However, 
seed germination tests need to be done to be sure that the 
slight damage did not affect the seed viability, 
4. The shelling energy decreased with an increase in 
roller speed, but the moisture content did not significantly 
affect the energy consumption. This conclusion is applicable 
only for the moisture range used in the experiments, and 
higher energy consumption is expected at higher moisture 
contents. The overall mean of energy consumption for the 
experimental sheller was reduced by 50% after modification. 
This reduction was due to the feeding improvement, which 
eliminated the unproductive rotation of the ear during the 
shelling operation. 
5. Only the roller speed had a significant effect on 
the capacity of the modified experimental sheller. Capacity 
increased with increasing roller speed. Although the shell­
ing capacity of the modified experimental sheller has been 
increased on the average more than 4 times after modification, 
it was still objectionably low in comparison with the capacity 
of the combine cylinder. Further improvement in capacity is 
needed, or multiple units must be used before the experi­
mental sheller can be adapted for field shelling. 
6. Shelling efficiency of the experimental sheller was 
better at high roller speeds. At low speeds the impact and 
rubbing forces were too small compared to the feeding force. 
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This tends to force the ear through the cob clearance before 
the shelling is completed. On the average, the roller skew-
ness caused a slight reduction in shelling efficiency. It is 
believed that the shelling efficiency could be improved 
further by stiffening the machine structure so that the ear 
would not go through the cob clearance before the shelling is 
completed. A decrease in the roller skew angle could also 
improve the shelling efficiency, but it might also affect the 
shelling capacity. 
7. The high speed photography showed that a great portion 
of the shelling was accomplished by the feeding force imparted 
by the skewed rollers on the ear kernels. The feeding force 
caused bending of the kernels downward, separating them or 
weakening their attachments. The weakened kernels were then 
easily shelled by a combination of impact, rubbing and cen­
trifugal forces. More shelling was observed to occur where 
a high speed roller rotated the ear against a slower roller 
than where a low speed roller rotated the ear against a 
faster one. In general, the first part of the ear was shelled 
slower than the last part, where the skewed rollers gripped 
the last portion firmly and forced it down through the cob 
clearance, inducing a compressive force which helped in wedg­
ing the kernels off the cob. For the two ears shelled in each 
run, no difference in the mode of shelling was observed whether 
the small or the big end was shelled first. 
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DESIGN OF A ROTATING VANE CORN SHELLER 
The principle of applying small tangential forces to the 
individual ear kernels vas used in designing another shelling 
machine. In this machine the ears were fed axially against 
rotating vanes, and hence shelling started from one end of 
the ear, and progressed spirally to the other end. 
Principle of Operation 
The new sheller consists of triangular vanes attached 
to the inside surface of a rotating pipe (Figure 85a). The 
vanes extend toward the center of the pipe leaving a cob 
clearance of 3.2 cm which is sufficient to permit the largest 
expected cob diameter to pass through. The shelling edges 
of the rotating vanes make an angle with the vertical, so 
that the ear contacts each vane at only one point (Figure 85b). 
Also, the inclination of the vane edge provides for shelling 
ears of different sizes. The ears are fed axially against 
the rotating vanes by a feeding mechanism consisting of 
three belts. The feeding mechanism is rigid at the upper 
end and wide enough to let the largest expected ear diameter 
through. The lower end is spring loaded to accommodate dif­
ferent ear sizes. Beside feeding the ears, the mechanism 
holds the ears against rotation induced by the rotating vanes. 
The vanes impart small impact and rubbing forces which shell 
the kernels from the cob. Shelling starts from the lower end 
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(a) (b) 
Figure 85. Schematic diagram illustrating operation of the 
vane sheller; (a) top view of the rotating vanes, 
(b) sectional side view of the shelling unit and 
feeding mechanism 
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of the ear and progresses spirally to the upper end as the 
ear is fed downward. Three spring loaded rubber rollers are 
placed above the rotating vanes to guide the ear and give it 
more resistance against rotation. Three other spring loaded 
rollers are placed underneath the cob clearance to guide 
and hold the cob to provide the necessary rotation resis­
tance for shelling the last part of the ear when it is no 
longer being held from above. 
Description of the Design 
The basic structure of this shelling unit was made of a 
piece of pipe, 7.5 cm in diameter and 5.5 cm long. Eight 
triangular vanes were cut from 0.3 cm thick steel bars to the 
proper dimensions to fit inside the pipe, such that they make 
a 20 degrees inclination angle and leave 3.2 cm cob clearance. 
The vanes were welded to the inside surface of the pipe with 
the blunt (uncut) edges of the steel bars facing the center. 
The blunt edges will not scratch the kernels during the shell­
ing operation. Slots were cut on the periphery of the pipe on 
the lover part of the space between the vanes to help in get­
ting the shelled kernels out of the shelling zone. The shell­
ing unit was fitted inside a ball bearing and a spur gear was 
fitted to its upper end. Another spur gear was placed adjacent 
to first one to drive the shelling unit. The shelling unit and 
its driving gear were mounted on a 20 x 12.5 cm rectangular 
frame (Figure 86) constructed from angle iron beams. The frame 
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was held in horizontal position by four legs (39 cm long) 
fastened to a heavy rectangular steel base. À collecting pan 
made of sheet metal was fitted inside the lower part of the 
space between the four legs. The upper part was shielded with 
Plexiglas panels to prevent the scatter of the shelled kernels 
and to allow visual inspection of the shelling operation. 
The feeding mechanism (Figure 87) was constructed from a 
steel pipe 6.5 cm diameter and 40 cm long. Three longitudinal 
slots were cut on the lower end of the pipe. In each slot a 
3.5 cm diameter spring loaded pulley was attached. The ends 
of the rod on which the pulley was mounted move against two 
springs located inside two small pipes welded perpendicular 
to the edges of the slots. The ends of the small pipes were 
threaded and set screws were used to adjust the initial load 
of the springs. Three larger pulleys (5.8 cm diameter) were 
attached to the upper end of the feeding pipe by three ad­
justable supports. The rods holding the pulleys were con­
nected to each other through bevel gears such that they can 
be driven by one power source. Flat belts 2.5 cm wide were 
used to connect each upper pulley with its corresponding lower 
pulley. The upper pulleys were biased to the outside of the 
pipe to make more room for feeding the ears. This space 
gradually decreased until the ear was caught between the 
spring loaded pulleys which hold the ear against rotation. 
A set of three spring loaded rollers was assembled underneath 
the lower pulleys on the same pipe slots, and using similar 
Figure 86. The basic components of the rotating vanes 
sheller; the feeding mechanism is removed to show 
the shelling unit 
Figure 87. The rotating vane sheller with the feeding 
mechanism and the electric drills in place 
145 
147 
spring mechanisms. Each roller was made with a double taper 
to conform to the shape of the ear periphery. Below the cob 
clearance of the shelling unit, another set of spring loaded 
rubber rollers was mounted on a slotted pipe 3.5 cm in di­
ameter and 5 cm long. This mechanism guides the cob and 
holds the ear against rotation while the last part of the 
ear is being shelled (Figure 88). Two variable speed elec­
tric drills were used to power the shelling unit and the 
feeding mechanism. The drills were held in position by-
adjustable supports attached to the machine frame. 
Preliminary Shelling Tests 
Husked ears of dry corn (<15% moisture content) were 
available for preliminary shelling trials. Although the 
machine was capable of shelling the dry ears (Figure 89) con­
tinuous shelling of several ears was not possible due to 
difficulties in the performance of the feeding mechanism. In 
most cases the feeding belts slipped off the pulleys before 
shelling of one ear was completed. This problem was worse 
when the shelling was performed at high speeds. The high 
torque created by the ear resistance to rotation tended to 
twist the pulleys allowing the belts to slip off the pulleys. 
High speed shelling also created another problem. The shelled 
kernels could not escape from the shelling zone and the ac­
cumulated kernels were crushed between the rotating vanes and 
the force fed ear. After several trials it was decided to 
Figure 88, An ear of corn being shelled by the rotating 
vane shelling unit 
Figure 89, Cobs and kernels of dry ears shelled by the 
rotating vane sheller 
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discontinue the work on this sheller. No attempts were made 
to develop this machine since it seems impractical to adapt 
it to commercial use. To obtain satisfactory shelling a more 
sophisticated feeding mechanism is needed, in which the feed­
ing rate must match the shelling speed. Also some improve­
ment in the shelling unit has to be made before it can shell 
high moisture or unhusked ears of corn. However, the rotating 
vane sheller had one advantage over the inclined roller 
sheller. Since it uses fewer rotating parts in the shelling 
unit and is more compact, multiple units could be used to in­
crease the shelling capacity without occupying a large space. 
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CORN SHELLING BY MILLING THE COB OUT OF THE EAR 
Damage free shelling may be accomplished when the kernels 
are separated frcm the cob without the application of dynamic 
forces to the kernels. One possible way of achieving this 
goal is by milling the cob out of the ear using a rotating 
cutter as illustrated in Figure 90. The corn ears are fed 
axially by the feeding mechanism against a rotating cutter. 
The cutter mills the cob and as its sharp edges touch the 
kernels attachments, the kernels are separated and fall freely 
without being subjected to large dynamic forces. Several 
different cutters (Figure 91) were considered for use in a 
shelling unit for this study. Cutters 1, 2, and 3 were dis­
carded due to their poor performance. The rough surface of 
the first cutter became clogged with cob material soon after 
starting the shelling operation. The second cutter was con­
structed from triangular pieces of steel welded together. 
Although this cutter performed well in terns of milling the 
cob, it had vibrational problems due to eccentricity intro­
duced during fabrication and had to be discarded. The third 
cutter was commercially available and is usually used for pipe 
reaming. This cutter was not able to penetrate the cob be­
cause it was designed with a blunt point. Cutters number 4 
and 5 were made in the workshop from steel rods. Both cutters 
worked well on milling the cob and separating the kernels, 
with cutter number 5 penetrating easier due to its sharper 
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Figure 90. Schematic diagram illustrating the principle of 
corn shelling by milling the cob out of the ear 
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point angle. However, equipment was not available for testing 
these massive cutters at the very high speeds essential for 
practical shelling capacity. 
A high speed cutter usually used in routers for wood 
working was available commercially (Figure 92). A Stanley 
router was used to operate this cutter at speeds ranging 
from 18000 to 27000 rpm. The router was mounted on a 
rectangular frame open at the top. On this frame the feeding 
mechanism used with the vane sheller was mounted and used to 
feed and hold the ears against the rotating cutter (Figures 
93 and 94). With precise ear centering, separating of the 
kernels was efficiently accomplished using this cutter. How­
ever, the system had some inherent functional problems. Be­
side the previously mentioned problems associated with the 
feeding mechanism, the cutter was not able to separate the 
kernels from the last part of each ear. When the shelling 
reached the last three centimeters of the ear, the ear was 
no longer being held by the feeding belts and the guiding 
rollers. The loose ear rotated with the cutter until the cob 
broke into pieces, with some kernels attached to the cob 
parts. 
Instead of achieving damage free shelling using this 
method, a considerable number of the shelled kernels were 
severely damaged. This damage was inflicted by the cutter 
Figure 91. Different cutters considered for use for milling 
the cob out of the ear 
Figure 92. High speed cutter commercially used for wood 
fabrication 

Figure 93. The cob milling system consisting of a rectangu­
lar bracket on which is assembled the Stanley 
router and the feeding mechanism 
Figure 94. Close-up view showing the start of kernel separa­
tion by milling the cob out of the ear 
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when some of the separated kernels hit the lower part of the 
cutting edges. After shelling trials of a few dry ears, this 
shelling method was also found impractical and no further 
development or testing was conducted on the system. 
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SUMMARY 
À laboratory corn sheller was designed, constructed and 
tested to evaluate its ability to shell corn without causing 
excessive kernel damage. This machine used small tangential 
forces to shell the kernels individually, starting from one 
end of the ear and progressing spirally to the other end. 
The sheller consisted of three lugged rollers rotating in the 
same direction but at different speeds. The ears of corn were 
fed axially between the rollers through a guide. The rollers 
were inclined at an angle with the vertical to insure that the 
ear contacts each roller at one point, and to provide the 
ability for shelling different ear sizes. As the lower end of 
the ear contacts the rollers, it begins to spin. At the same 
time a rubbing action is induced due to the differential speed 
of the rollers. The small rubbing forces imparted by the 
rollers to the ear bend the rachilla and shell the kernels 
off the cob. The shelling starts at the lower end and pro­
gresses spirally upward as the ear spins and is fed downward 
by its own weight and the other ears placed in line above it. 
Three variable speed electric drills were used as power 
sources to drive the shelling rollers separately. While 
shelling each sample ear, the net input electric power was 
recorded versus time of shelling using an electronic power 
transducer driving X-Y recorder. The net shelling energy was 
obtained by integrating the area under the power time graph 
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and calibrating for motor efficiency. The performance of the 
machine was evaluated using factorial experiments with the 
kernel moisture content, roller speed, and inclination angle 
as the independent variables, and the damage index, shelling 
energy per unit mass, and shelling capacity as the dependent 
variables. 
Unlike the conventional shelling machines, the inclined 
roller sheller did not produce any measurable corn fines, but 
caused very low levels of damage to the shelled kernels. This 
was indicated by the damage index, which was very close to 10 
(100% sound kernels), and the fact that most damaged kernels 
were of the minor damage category. However, the experimental 
sheller had objectionably low shelling capacity in comparison 
with the conventional shelling machines. To increase the 
shelling capacity of the inclined roller sheller, the shelling 
rollers were skewed 20° so that the roller axis no longer 
intersected the axis of the ear being shelled. By this 
arrangement the rollers impart to the ear a two component 
force, a spinning and a feeding force. The existence of the 
feeding force helped accelerate the shelling process by 
pulling the ears downward. This modification did not sig­
nificantly affect the low level of the damage index or the 
domination of the minor damage category. The overall mean of 
shelling energy was reduced by 50% after modification. At a 
roller speed of 1200 rpm, the shelling capacity averaged 
328.7 kg/h. Although the shelling capacity was increased on 
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the average more than 4 times after modification, it is still 
low compared with the per row capacity of the conventional 
combine cylinder, which is 2540 kg/h» However, the shelling 
capacity could be increased further by increasing the operat­
ing speed of the rollers or by increasing the number of 
shelling units. 
In damage and breakage tendency comparison for corn 
shelled at 18% kernel moisture content, the modified inclined 
roller sheller behaved more like hand shelling than like a 
combine cylinder. The corn shelled by the experimental 
sheller had significantly less damage than corn shelled by the 
combine cylinder, and its breakage tendency after handling was 
even lower than that of sound kernels sorted from samples 
shelled by the combine cylinder. 
High speed photography was used to observe the mode of 
kernel detachment for the modified inclined roller sheller. 
Observation of the shelling process indicated that the feed­
ing force had a great effect on accelerating the shelling 
operation. The feeding force caused bending of the kernels 
downward, separating them or weakening their attachments. 
The weakened kernels were then easily shelled by a combina­
tion of impact, rubbing and centrifugal forces. No differ­
ence in the mode of shelling was observed whether the small 
or the big end was shelled first, and the first part of the 
ears generally shelled slower than the last part. 
The principle of applying small tangential forces to the 
161b 
individual ear kernels was used in designing another shelling 
machine. In this machine the ears were fed axially against 
triangular rotating vanes by a belt feeding mechanism. The 
lower end of the mechanism was flexible and spring loaded to 
accommodate the different ear sizes and hold the ear against 
rotation induced by the rotating vanes. The vanes impart 
small impact and rubbing forces which separate the kernels 
off the cob starting from one end and progressing spirally 
to the other end of the ear. Preliminary shelling tests 
showed that the machine had some functional problems. Con­
tinuous shelling was not possible due to the malfunction of 
the feeding mechanism. Also at high shelling speeds the 
shelled kernels could not escape from the shelling zone and 
the accumulated kernels were crushed between the rotating 
vanes and the ear. No attempts were made to develop this 
machine. 
Damage free shelling was attempted using a high speed 
cutter for milling the cob out of the ear. The corn ears 
were fed axially against the cutter by a feeding mechanism. 
As the cutter mills the cob, its sharp edges cut the kernels 
attachments. The kernels then fall freely without the appli­
cation of dynamic forces on the kernels. The system also had 
some inherent functional problems. The cutter was not able to 
separate the kernels of the last part of the ear, which was no 
longer held against rotation. Also, many of the shelled 
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kernels were severely damaged when they fell on the lower 
part of the sharp cutter edges. 
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SUGGESTIONS FOR FURTHER STUDY 
1. Since the capacity of the modified inclined roller 
sheller increased with increasing roller speeds without sig­
nificantly affecting the kernel damage, the performance of 
sheller at higher speeds should be evaluated. 
2. Modify the inclined roller sheller by using 
truncated conical rollers instead of cylindrical rollers. 
The truncated conica1 rollers might be spirally threaded 
to improve ear feeding. The threaded conical shape of the 
rollers should eliminate the necessity of inclining and skew­
ing the rollers, thus it would be convenient to use one 
powered belt to drive the three rollers at a fixed differen­
tial speed. 
3. Germination tests should be performed on kernels 
shelled by the modified inclined roller sheller to determine 
its suitability for seed corn production. 
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appendix à: original and calculated data obtained 
from testing the inclined roller sheller 
Table Al. Data for the factorial experiment of the inclined 
roller sheller 
Inclination Roller Moisture Sample . Damaae 
angle speed content weiaht® Severe 
(degrees) (rpm) (% WB) Reps (g) (9) 
20 900 25 1 172.80 0.00 
20 900 25 2 219.50 0.15 
20 900 25 3 148.90 0.00 
20 900 20 1 220.38 0.00 
20 900 20 2 173.50 O.lO 
20 900 20 3 162.55 0.00 
20 900 18 1 197.90 0.00 
20 900 IS 2 153.95 0.00 
20 900 18 3 215.78 0.00 
20 900 15 1 142.05 0.00 
20 900 15 2 255.44 0.00 
20 900 15 3 176.90 0.00 
20 1000 25 1 171.70 0.55 
20 1000 25 2 189.50 0.00 
20 1000 25 3 169.02 0.00 
20 1000 20 1 149.15 0.00 
20 1000 20 2 207.20 0.00 
20 1000 20 3 174.25 0.00 
20 1000 18 1 246.02 0.00 
20 1000 18 2 193.80 0.00 
20 1000 18 3 191.40 0.00 
20 1000 15 1 169.10 0.00 
20 1000 15 2 179.50 0.00 
20 1000 15 3 178.80 0.00 
20 1100 25 1 222.66 0.00 
20 1100 25 2 156.00 0.20 
20 1100 25 3 240.60 0.15 
20 1100 20 1 164.90 0.00 
20 1100 20 2 123.40 0.00 
20 1100 20 3 166.20 0.00 
20 1100 18 1 133.00 0.00 
20 1100 18 2 173.95 0.00 
20 llOO 18 3 216.57 0.00 
20 1100 15 1 121.58 0.00 
20 1100 15 2 174.10 0.00 
20 1100 15 3 239.50 0.00 
20 1200 25 1 226.90 0.00 
20 1200 25 2 145.30 0.00 
20 1200 25 3 213.20 0.15 
^&fter air drying at room temperature for 24 hours. Ap­
proximately 50 a subsample was used for damage evaluation. 
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classification 
Major Minor 
(g) (g) 
Sound 
kernels 
(g) 
Damage 
index 
Shelling 
energy 
kwh/ton 
Shelling 
capacity 
kg/h 
l.lO 3.56 44.77 11.83 0.84 12.91 
1.30 2.30 45.15 12.08 1.06 12.25 
0.50 0.95 48.60 10.69 1.07 8.86 
0.35 1. 80 46.65 10.73 0.45 18.24 
1.00 3.72 44.25 11.96 0.35 22.80 
1.40 1.60 47.30 11.71 0.45 20.39 
0.55 0.78 47.25 10.73 0.20 58.88 
0.00 5.00 44.30 11.01 0.34 29.08 
0.20 0.93 47.50 10.40 0.21 44.90 
0.20 1.40 47.60 10.49 0.24 31.96 
0.30 0.30 47.30 10.38 0.18 58.57 
0.00 2.15 47.05 10.44 0.11 75.81 
1.30 0.20 47.60 12.35 0.53 17.41 
0.47 0.30 48.70 10.54 0.36 22.89 
0.00 0.60 49.30 10.12 0.32 30.73 
0.00 0.50 48.35 10.10 0.28 25.69 
0.00 1.60 48.35 10.32 0.19 59.74 
0.00 1.20 48.10 10.24 0.29 44.81 
0.40 2.70 46.20 10.95 0.19 57.89 
0.00 3.20 46.95 10.64 0.18 52.46 
0.00 3.18 46.60 10.64 0.15 50.30 
0.50 2.00 47.10 10.91 0.08 83.40 
0.00 0.70 48.80 10.14 0.10 66.62 
0.00 2.30 48.10 10.46 0.14 73.15 
0.00 2.10 46.70 10.43 0.20 59.82 
0.72 1.60 47.10 11.41 0.75 13.57 
0.70 2.20 45.70 11.45 0.53 24.06 
0.00 2.55 47.30 10.51 0.05 148.41 
0.55 1.82 47.40 10.92 0.20 48.29 
0.00 1.85 47.90 18.37 0.22 42.74 
0.00 0.80 49.30 10.16 0.25 40.58 
0.20 1.70 48.90 10.53 0.27 43.79 
0.50 0.90 47.75 10.79 0.13 81.21 
0.30 0.40 49.20 10.38 0.06 132.63 
0.00 0.90 49.10 10.18 0.10 77.38 
0.38 1.64 47.65 10.71 0.16 59.01 
1.90 5.10 42.28 12.96 0.73 14.99 
2.10 2.20 45.50 12.55 0.36 40.87 
0.60 1.60 47.60 11.19 0.22 43.36 
Table Al. (Continued) 
Inclination Roller Moisture Sample Damage 
angle speed content weight Severe 
(degrees) (rpm) (% WB) Reps (g) (g) 
20 1200 20 1 151.80 0.00 
20 1200 20 2 164.70 0.00 
20 1200 20 3 173.20 0.00 
20 1200 18 1 181.10 0.00 
20 1200 18 2 152.84 0.00 
20 1200 18 3 208.30 0.00 
20 1200 15 1 217.40 0.00 
20 1200 15 2 202.00 0.00 
20 1200 15 3 166.40 0.20 
15 900 25 1 140.10 0.58 
15 900 25 2 197.50 0.00 
15 900 25 3 167.80 0.00 
15 900 20 1 189.00 0.00 
15 900 20 2 176.20 0.00 
15 900 20 3 103.90 0.00 
15 900 18 1 191.90 0.00 
25 900 18 2 147.70 0.00 
25 900 18 3 93.10 0.00 
15 900 15 1 230.20 0.00 
15 900 15 2 171.90 0.00 
15 900 15 3 188.70 0.00 
15 1000 25 1 143.80 0.65 
15 1000 25 2 143.40 0.00 
15 1000 25 3 233.40 0.22 
15 1000 20 1 80.00 0.00 
15 1000 20 2 203.20 0.00 
15 1000 20 3 177.70 0.00 
15 1000 18 1 201.90 0.00 
15 1000 18 2 118.10 0.00 
15 1000 18 3 181.90 0.00 
15 1000 15 1 171.40 0.00 
15 1000 15 2 162.10 0.00 
15 1000 15 3 184.10 0.00 
15 1100 25 1 174.90 0.14 
15 1100 25 2 192.30 0.00 
15 1100 25 3 183.30 0.12 
15 1100 20 1 177.90 0.00 
15 1100 20 2 147.90 0.00 
15 1100 20 3 186.60 0.15 
15 1100 18 1 155.90 0.00 
15 1100 18 2 210.60 0.00 
15 1100 18 3 141.50 0.00 
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classification Sound Shelling Shelling 
Major Minor kernels Damage energy capacity 
(g) (g) (g) index kwh/ton kg/h 
0.00 1.32 48.70 10.26 0.12 78.07 
0.00 1.37 48.10 10.28 0.17 57.57 
0.60 1.50 48.30 10.89 0.16 77.94 
0.60 6.75 42.70 11.95 0.10 108.66 
0.30 1.15 48.88 10.53 0.13 65.50 
0.00 3.60 46.57 10.72 0.09 107.13 
0.60 l.lO 48.30 10.82 0.09 113.43 
0.00 1.65 48.15 10.33 0.07 145.44 
0.75 2.00 47.00 11.51 0.08 79.87 
1.30 3.60 44.20 13.08 1.16 12.01 
1.60 0.50 46.85 11.74 0.96 15.77 
0.30 2.02 47.70 10.70 0.76 17.77 
0.40 1.90 47.80 10.78 0.44 20.37 
0.00 1.10 48.40 10.22 0.35 19.82 
0.70 1.40 48.20 10.97 0.74 12.26 
0.00 0.98 49.30 10.19 0.20 60.07 
0.00 0.90 49.00 10.18 0.50 21.70 
0.00 1.70 47.90 10.34 0.40 31.03 
0.00 2.22 46.73 10.45 0.44 30.69 
0.00 1.50 48.30 10.31 0.23 43.58 
0.00 1.70 48.30 10.34 0.17 48.52 
0.00 1.50 48.15 11.46 0.50 31.76 
1.80 1.20 45.80 12.09 2.22 4.63 
0.90 1.60 46.90 11.63 0.72 15.68 
0.12 0.60 48.60 10.24 0.64 17.25 
0.57 1.41 47.34 10.86 0.40 29.74 
0.00 0.60 48.60 10.12 0.43 22.85 
0.00 2.40 47.30 10.48 0.26 32.59 
0.10 0.20 49.00 10.14 0.23 42.52 
0.60 2.50 46.12 11.12 0.29 40.67 
0.50 2.10 47.35 10.92 0.15 70.12 
0.66 1.90 47.20 11.06 0.14 62.75 
0.40 2.25 47.10 10.85 0.12 58.14 
1.25 6.70 41.50 12.87 1.44 9.57 
0.60 5.85 43.10 11.79 2.06 6.18 
0.18 0.65 48. 80 10.53 1.55 9.05 
0.28 0.50 49.00 10.38 0.34 41.05 
0.30 3.95 45.60 11.09 0.43 28.47 
0.00 3.05 46.30 10.89 0.56 22.10 
0.00 0.90 48.70 10.18 0.36 21.26 
0.25 2.80 46.20 10.82 0.17 84.24 
0.00 1.82 47.85 10.37 0.31 28.94 
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classification Sound Shelling Shelling 
Major Minor kernels Damage energy capacity 
(g) (g) (g) index kwh/ton kg/h 
0.34 1.30 48.10 10.60 0.22 57.25 
0.00 1.90 47.90 10.38 0.16 69.54 
0.00 0.90 48.30 10.18 0.88 111.08 
0.00 0.55 49.00 10.29 0.64 12.05 
0.22 1.75 47.60 10.57 0.39 32.05 
0.00 1.30 48.60 10.26 0.41 25.47 
0.00 1.00 47.50 10.21 0.16 65.90 
0.00 2.50 45.80 10.52 0.21 46.87 
0.00 2.80 48.10 10.99 0.28 43.53 
0.90 3.20 45.00 11.57 0.15 50.28 
0.00 1.50 47.50 10.31 0.28 46.66 
0.40 3.32 45.80 11.07 0.14 66. 84 
0.30 2.60 46.30 10.83 0.09 57.26 
0.00 2.00 47.26 10.41 0.06 131.36 
0.00 0.80 48.60 10.16 0.15 45.76 
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appendix b; original and calculated data obtained from 
testing the modified inclined roller sheller 
Table Bl. Data for the factorial experiment of the modified 
inclined roller sheller 
Roller Moisture Sample Damage classification 
speed content weight^ Severe Major 
( rpm) (% WB) Reps (g) (g) (g) 
1200 24 1 204.71 1.60 0.00 
1200 22 1 169.54 0.40 0.30 
1200 20 1 148.16 0.97 1.58 
1200 18 1 204.67 0.00 0.72 
1200 16 1 170.65 0.00 0.00 
1100 24 1 226.53 0.00 1.05 
1100 22 1 164.93 0.00 0.48 
1100 20 1 186.80 0.00 0.00 
1100 18 1 197.69 0.00 0.00 
1100 16 1 185.07 0.12 0.00 
1000 24 1 176.49 0.00 0.80 
1000 22 1 147.40 0.76 1.55 
1000 20 1 174.45 0.00 0.00 
1000 18 1 168.37 0.00 0.00 
1000 16 1 159.79 0.95 0.70 
900 24 1 149.31 0.00 0.00 
900 22 1 161.91 0.40 0.38 
900 20 1 161.67 0.00 0.27 
900 18 1 130.90 0.35 2.66 
900 16 1 156.52 0.00 0.00 
1200 24 2 183.33 0.10 0.30 
1200 22 2 126.16 0.00 0.80 
1200 20 2 196.92 0.00 0.60 
1200 18 2 149.40 0.00 0.35 
1200 16 2 166.67 0.00 0.35 
1100 24 2 191.97 0.00 0.40 
1100 22 2 132.73 0.00 2.64 
1100 20 2 150.60 0.14 0.00 
1100 18 2 151.13 0.00 0.00 
1100 15 2 170.22 0.00 4.60 
1000 24 2 176.10 0.00 1.17 
1000 22 2 124.89 0.00 0.00 
1000 20 2 155.62 0.00 0.44 
1000 18 3 175.09 0.00 0.47 
1000 16 2 126.47 0.00 0.00 
^After air drying at room temperature for 24 hours. 
Approximately 100 g subsample was used for damage evaluation. 
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Sound Shelling Shelling Shelling 
Minor kernels efficiency Damage capacity energy 
(g) (g) % index kg/h kwh/ton 
4.45 86.85 
7.43 88.60 
6.62 84.80 
9.35 83.53 
3.27 90.91 
13.95 81.30 
12.55 86.19 
8.56 85.32 
7.81 83.81 
11.47 86.10 
12.16 80.82 
12.78 77.08 
3.02 92.30 
9.96 83.32 
8.15 84.95 
6.73 87.94 
7.45 87.55 
3.12 86.20 
9.94 79.56 
1.45 94.13 
9.28 85.43 
10.10 82.12 
5.16 89.75 
14.49 80.68 
10.05 84.42 
9.06 87.60 
18.94 74.55 
10.30 85.60 
11.33 84.48 
5.23 90.42 
9.80 84.45 
11.63 83.80 
4.67 90.90 
9.91 84.93 
8.45 88.36 
96.67 12.03 
98.95 11.30 
95.06 12.47 
98.30 11.38 
96.80 10.35 
96.97 11.99 
97.59 11.51 
93.62 10.91 
96.56 10.85 
98.33 11.28 
93.30 11.72 
94.33 12.97 
97.70 10.32 
92.27 11.07 
94.29 12.13 
96.28 10.71 
97.46 11.35 
96.13 10.50 
90.40 12.85 
98.96 10.15 
98.52 11.23 
97.03 12.54 
97.86 10.85 
96.49 11.70 
97.93 11.24 
95.30 11.14 
94.50 13.34 
97.34 11.20 
96.07 11.18 
97.83 12.82 
92.57 11.64 
97.41 11.22 
96.21 10.72 
97.85 11.28 
94.88 10.87 
327.54 0.12 
249.12 0.14 
367.85 0.13 
273.91 0.14 
198.17 0.13 
115.51 0.29 
191.53 0.14 
218.33 0.14 
119.41 0.22 
220.61 0.20 
192.54 0.22 
258.85 0.19 
84.87 0.40 
79.75 0.38 
257.96 0.18 
203.61 0.19 
158.39 0.28 
168.70 0.19 
130.18 0.22 
345.69 0.11 
167.51 0.17 
349.37 0.14 
427.06 0.12 
318.25 0.11 
165.75 0.18 
144.58 0.21 
302.42 0.14 
153.22 0.13 
132.74 0.16 
140.55 0.20 
172.74 0.24 
99.47 0.19 
282.95 0.11 
233.45 0.20 
293.74 0.14 
Table Bl. (Continued) 
Roller Moisture Sample Sample Damaae classification 
speed content weight Severe Major 
( rpm) (% WB) Reps (g) (g) (g) 
900 24 2 197.51 0.00 0.53 
900 22 2 187.84 0.00 1.78 
900 20 2 99.30 0.00 0.00 
900 18 2 148.57 0.53 0.30 
900 16 2 141.61 0.00 0.00 
1200 24 3 120.20 1.51 2.66 
1200 22 3 235.18 0.00 0.00 
1200 20 3 148.77 0.00 0.36 
1200 18 3 223.22 0.00 0.27 
1200 16 3 145.02 0.00 0.00 
1100 24 3 197.64 0.00 0.00 
1100 22 3 159.67 0.00 1.09 
1100 20 3 137.31 0.79 1.19 
1100 18 3 138.97 0.02 0.32 
1100 16 3 139.94 0.00 0.00 
1000 24 3 171.30 0.11 0.00 
1000 22 3 189.40 0.00 0.98 
1000 20 3 218.97 0.00 0.64 
1000 18 3 126.72 0.00 2.97 
1000 16 3 203.53 0.00 1.86 
900 24 3 203.53 0.00 1.86 
900 22 3 152.52 0.00 0.00 
900 20 3 147.02 0.00 1.28 
900 18 3 140.64 0.35 0.63 
900 16 3 162.71 0.26 0.32 
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Sound Shelling Shelling Shelling 
Minor kernels efficiency Damage capacity energy 
(g) (g) % index kg/h kwh/ton 
13.15 83.02 
9.38 86.50 
2.25 96.32 
7.40 78.20 
13.70 81.23 
10.96 81.23 
10.90 86.70 
7.65 91.60 
13.14 88.30 
10.55 85.83 
6.68 92.45 
9.35 88.44 
22.55 72.68 
7.04 92.83 
6.00 88.35 
14.85 80.41 
17.69 78.37 
13.66 84.35 
16.59 76.64 
3.54 96.40 
14.85 82.62 
7.62 89.80 
9.45 84.25 
5.54 91.20 
4.62 92.92 
95.58 11.69 
95.23 11.87 
85.90 10.23 
85.77 11.58 
98.06 11.44 
94.18 13.93 
99.28 11.12 
96.43 10.95 
98.88 11.42 
98.93 11.09 
93.12 10.67 
95.02 11.50 
96.20 13.66 
96.14 10.88 
95.69 10.64 
89.60 11.66 
98.82 12.33 
98.72 11.71 
94.66 13.27 
93.69 10.35 
97.92 12.43 
94.59 10.78 
91.72 11.67 
96.99 11.21 
95.35 10.87 
81.45 0.38 
186.80 0.19 
76.06 0.44 
139.28 0.31 
168.81 0.19 
576.96 0.10 
384.84 0.09 
205.99 0.13 
221.99 0.15 
696.10 0.39 
151.38 0.21 
368.47 0.12 
135.06 0.19 
263.31 0.17 
223.90 0.13 
99.79 0.29 
80.93 0.37 
94.29 0.25 
253.44 0.16 
101.98 0.19 
121.11 0.18 
212.82 0.16 
441.06 0.16 
135.74 0.23 
297.33 0.21 
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appendix c; data for the damage comparison test 
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Table Cl, Percent transmission readings for the samples 
tested by the colorimetric technique 
Rep % transmission 
Combine cylinder 1 35.5 
2 37.0 
3 35.0 
4 37.5 
5 30.0 
6 31.0 
Experimental sheller 1 67.5 
2 67.0 
3 67.5 
4 67.0 
5 67.0 
6 68.5 
Hand shelling 1 77.0 
2 76.5 
3 76.5 
4 76.0 
5 76.5 
6 75.5 
Broken kernels^ 8 grams 26.5 
4 grams 46.5 
2 grams 63.0 
1 gram 81.0 
^Passed through in. sieve and stayed on in. sieve. 
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Table C2. Percent remaining weight for samples tested by 
the breakage tester 
Percent remaining weight 
Rep 1 Rep 2 Rep 3 Rep 4 
Combine cylinder 94.58 94.80 94.90 95.10 
Experimental sheller 97.52 97.50 97.70 97.55 
Hand shelling 99.20 98.92 99.10 98.50 
Sound kernels^ 96.75 97.20 95.18 97.00 
(combine) 
Sound kernels^ 97.90 97.86 98.00 97.46 
(exp. ) 
^Sound kernels sorted from samples shelled by the combine 
sheller. 
^Sound kernels sorted from samples shelled by the experi­
mental sheller. 
